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Biodiesel is an environmentally friendly alternative diesel fuel consisting of the alkyl 
esters of fatty acids which are expected to play a significant role in reducing overall CO2 
emissions.  Biodiesel is produced commercially by a chemical reaction called 
transesterification which is a chemical process to lower the viscosity of the vegetable oils.  
Since Biodiesel is an oxygenated, sulfur free fuel, it typically reduces engine out 
emissions except for the oxides of nitrogen (NOX).  The chemical and physical properties 
of the fatty acids, as well as the effect of molecular structure, determine the overall 
properties of biodiesel fuel.  Investigations into the impact of FAME properties on diesel 
engines are highly topical, as higher blends of biodiesel are introduced. The aim of this 
work is to perform a comprehensive study on the use of biodiesel fuel in production diesel 
engines, and its impact on emissions, performance and fuel consumption. 
 
This thesis has shown that the use of biodiesel fuel reduces the engine out emissions of 
CO, HC and PM (except at sub-zero temperatures), and causes a slight increase in NOX 
emissions and fuel consumption compared to baseline diesel fuel.  However, the lower 
exhaust gas temperatures seen when using biodiesel blends leads to reduced catalyst 
conversion efficiency and an adverse effect on tailpipe emissions.  The cylinder pressure 
and rate of heat release profiles of biodiesel blends are very similar to those of baseline 
diesel fuel when similar torque is demanded from the engine with relatively similar start of 
combustion for the main charge. Biodiesel blends show a slightly quicker rise in the rate 
of heat release and higher peak values compared to baseline diesel fuel.  In the case of 
matched pedal positions, the ignition delay time decreases slightly with biodiesel use at 
lower engine load conditions compared to baseline diesel fuel.  The sensitivity of engine 
performance and emissions with B25 is more pronounced for EGR rate, rail pressure, and 
main injection timing variations than for baseline diesel fuel.  Finally, an adverse thermal 
impact of using biodiesel fuel on the performance of diesel oxidation catalyst was 
observed compared to baseline diesel however, no solid evidence of exhaust gas HC 
speciation effects was found.   
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Chapter 1  Introduction 
 
1.1 Background 
Global warming is considered to be one of the greatest environmental threats facing our 
planet today.  Climate change has mainly been caused by the increase in atmospheric 
greenhouse gases due to human activities since the start of the industrial era [ 1].  When 
fuels are burnt, the exhaust products contain gaseous, solid, and liquid emissions.  For 
internal combustion engines (ICE) there are just a few basic types of emissions to 
consider:  oxides of nitrogen (NOX), Carbon monoxide (CO), hydrocarbons (HC), Carbon 
dioxide (CO2) and particulate matter (PM).  In addition to these primary pollutants, 
reactions in the atmosphere generate secondary pollutants, namely acid rain, 
photochemical smog and tropospheric ozone [ 2].  Many of these pollutants have serious 
implications on human health and the environment.  Consequently, many countries have 
established strict environmental regulations that must be met by all automobile 
manufacturers.   
 
In the early 1990’s, the European Union (EU) introduced legislation enforcing their own 
emission limits.  The EU obligated all new light duty vehicles sold in the EU in 1993 to 
meet emission levels equivalent to 1987 U.S. standards.  Subsequent reductions in 
emission levels were introduced over time becoming increasingly stringent [ 3].  To make 
this legislation more practical, and reflect the different modes of combustion, the EU 
introduced separate emission limits for diesel and gasoline vehicles.  With advancements 
in emission reduction technologies and the use of alternative fuels, automobile 
manufacturers have been able to meet these standards.  The current Euro 5 emission limits 
for diesel passenger cars are a substantial reduction from those introduced in 1992, as 








Tier Date CO HC HC+NO NOX PM 
Euro 1 1992.07 2.72 - 0.97 - 0.14 
Euro 2, IDI 1996.01 1.0 - 0.7 - 0.08 
Euro 2, DI 1996.01 1.0 - 0.9 - 0.10 
Euro 3 2000.01 0.64 - 0.56 0.50 0.05 
Euro 4 2005.01 0.50 - 0.30 0.25 0.025 
Euro 5 2009.09 0.50 - 0.23 0.18 0.005 
Euro 6* 2014.09 0.50 - 0.17 0.08 0.005 
*Proposed 
Table  1.1, EU Diesel emission standards for passenger cars (g/km) [ 3] 
 
Legislation has driven research to satisfy increasingly stringent emission requirements 
such as improving the combustion process and utilizing advanced aftertreatment systems.  
Another approach has been to develop and popularise electrically powered vehicles and 
hybrids, and the use of alternative fuels. 
 
The search for alternative fuels started when the pollution created by the burning of fossil 
fuels started to cause severe environmental damage [ 5].  Cars that run on electric power 
were also considered to be alternative fuel vehicles however, the limited range and 
recharging difficulties of electrical vehicles posed serious technical issues at that time, and 
thus greater attention was given to biofuels.  Biofuels are expected to play a significant 
role in reducing overall CO2 emissions [ 4].  Also, the possibility of substituting cleaner 
burning alternative fuels for gasoline and diesel has drawn increasing attention over the 
past decade.  Biofuels produced from sugar cane, corn or other vegetable oils are attracting 
interest as renewable energy sources that do not increase CO2 levels.  Bioethanol is 
probably the most well known biofuel used in gasoline engines.  Similarly, manufacturers 
have worked with biodiesel as it is the most common alternative fuel for traditional diesel 
engines. 
 
Biodiesel is the general name for fatty acid alkyl esters and is the most common 
alternative fuel for traditional diesel engines, and fatty acid  methyl ester (FAME) is more 
commercially produced due to its economic benefits.  Biodiesel represents more than 80 % 
of the biofuel market share in Europe [ 1].  Since biodiesel is produced from vegetable oil, 
it does not contain any sulphur, aromatic hydrocarbons, metals or crude oil residues.  The 




absence of sulphur means a reduction in the formation of acid rain from sulphate 
emissions which generate sulphuric acid in the atmosphere.   
1.2 Project Aims 
The aim of this work was to perform a comprehensive investigation on the use of biodiesel 
fuel in production diesel engines, and its impact on emissions, performance and fuel 
consumption.   
 
1.3 Project Objectives 
To achieve the aim of this work, the following objectives were defined: 
1. To conduct a review of published literature regarding biodiesel, in particular the 
environmental impact of using fatty acid methyl esters (FAME), variations in their 
feedstock and commercial production, and finally reviewing their physical and 
chemical properties and their impact on engine performance and emissions. 
 
2. Undertake experimental vehicle work over a standard legislative drive cycle to 
assess the variations in performance and emissions when using several biodiesel 
blends at various ambient temperature conditions. 
 
3. To asses the ability of the engine simulation software Ricardo WAVE, to predict 
the impact of biodiesel fuel on the combustion process of diesel engines by 
investigating the sensitivity of the software to changes in important fuel properties. 
 
4. Undertake experimental work on an engine test bed to analyse the differences in 
combustion and emission characteristics of certain biodiesel blends compared to 
baseline diesel fuel. 
 
5. To assess the sensitivity of a modern production diesel engine to calibration 
changes, when using a B25 blend compared to baseline diesel fuel. 





6. Investigate the impact of different blends of biodiesel on the performance of a 
diesel oxidation catalyst, and assess its thermal and chemical effects.   
 
1.4 Summary of Chapters 
 
Chapter 1 Introduction 
Contains background to the proposed subject, and states the aim and objectives of this 
work. 
 
Chapter 2 Literature Review 
Reviews recent published literature in the field of FAME physical and chemical properties 
and their affect on the engine and vehicle components, and their impact on diesel engine 
emissions and performance.   
 
Chapter 3 Biodiesel Vehicle Trials 
Investigates the effect of biodiesel blends on the fuel consumption, engine-out emissions, 
and tailpipe emissions of a standard diesel vehicle at multiple ambient temperatures, and 
quantifies the loss in vehicle power. 
 
Chapter 4 Biodiesel Engine Simulation 
Investigates the capability of the Ricardo WAVE software package to predict changes in 
engine performance caused by variations in fuel properties when simulating the use of 
biodiesel fuel. Properties investigated include the chemical composition, lower heating 
value, density, specific heat, heat of vaporization, vapour pressure, kinematic viscosity, 
surface tension, and cetane number.   
 




Chapter 5 Biodiesel Engine Trials 
Studies the combustion behaviour, engine out emissions, and performance of B25 and B50 
biodiesel blends in a production calibration, Ford Puma 2.0 litre turbocharged diesel 
engine, equipped with a common rail fuel injection system, and compares the results to the 
baseline diesel fuel at two different engine loads and speeds.   
 
Chapter 6 Biodiesel Engine Calibration Sensitivity 
Assesses the sensitivity of a diesel engine to calibration changes such as EGR rate, rail 
pressure, and both main and pilot injection timing when the engine is fuelled with B25 
biodiesel compared to baseline diesel fuel, by analysing its impact on performance and 
emissions.   
 
Chapter 7 Biodiesel Oxidation Catalyst Performance 
Investigates the effect of hydrocarbon species from RME exhaust on the catalyst light-off 
temperature of a diesel oxidation catalyst and compares it to baseline diesel fuel.  The 
thermal impact of biodiesel blends on the catalyst performance using an instrumented 
catalyst is also investigated. 
 
Chapter 8 Conclusions 
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Chapter 2  Literature Review 
 
2.1 Introduction 
Vegetable oils have been the primary candidate as a substitute for diesel fuel since the 
early 1900s and this interest continued in various parts of the world during the Second 
World War due to insufficient supply and logistic difficulties of fossil fuel.  The arrival of 
peace and smother flow of inexpensive fossil fuels, made research into diesel alternatives 
unnecessary.  The control of oil production by OPEC and the subsequent rise in fuel prices 
refreshed the interest in alternative fuels, including vegetable oils as fuel for diesel 
engines.  However, the high viscosity of vegetable oils, which results in poor fuel 
atomization and fuel injection problems, makes them best used when converted to esters 
which are commonly known as biodiesel. 
 
In the past ten years more attention has been paid to alternative fuels especially biodiesel 
due to high inclination of the fossil fuel prices.  Biodiesel, and more commonly fatty acid 
methyl ester (FAME), is becoming one of the faster growing alternative fuels in the global 
fuel market [ 5, and  6].  The successful introduction and commercialization of biodiesel in 
many countries around the world has been accompanied by the development of standards 
to ensure high product quality and user confidence.  Some biodiesel standards are ASTM 
D6751 and the European standard EN 14214, which was developed from previously 
existing standards in individual European countries.  In the mean time, researchers started 
investigating the wider aspects of using biodiesel fuel in diesel engines.  Significant 
environmental benefits can be achieved by using biodiesel fuels as well as reduction in 
dependence on fossil fuel.  Since biodiesel is produced from renewable biological sources, 
it can reduce the use of petroleum based fuels and possibly lower the overall emissions 
from diesel engines.  The reasons for environmental benefits are that biodiesel is an 
oxygenated, Sulfur free, and a biodegradable fuel.  The U.S environmental protection 
agency (EPA) has surveyed large numbers of biodiesel tailpipe emission results and 
reported their average as per Table  2.1.  The table clearly shows the benefits of using 
biodiesel on exhaust emissions except for oxides of nitrogen (NOX) [ 1].  The lower 
content of carbon (by weight) in biodiesel is the main contributor for tailpipe carbon 




monoxide (CO) emission reduction.  Biodiesel contains no aromatics and very small 
quantities of Sulfur, which will indeed reduce the production of Polycyclic Aromatic 
Hydrocarbons (PAH), Sulfur dioxide (SO2), and many other toxic emissions.  SO2 
contributes to respiratory illnesses and formation of acid rains.  Biodiesel also contains 
higher concentrations of oxygen which will allow faster and more complete combustion 
compared to fossil diesel fuel [ 7].  This simply explains (at least in part) the reduction in 
unburned hydrocarbons (HC), particulate matter (PM), and CO [ 4,  8, and  9]. 
 
Emission Type 100% Biodiesel 20% Biodiesel 
Regulated   
HC - 67% - 20% 
CO - 48% -12 % 
PM - 47% -12 % 
NOX + 10% + 2% 
Non-Regulated   
Sulphates - 100% - 20% 
Polycyclic Aromatic Hydrocarbons (PAH) - 80% - 13% 
Nitrated PAH’s (nPAH) - 90% - 50% 
Ozone potential of Speciated HC - 50% - 10% 
Table  2.1, Average Biodiesel emissions compared to conventional diesel, according to EPA [ 1] 
 
Biodiesel is a nontoxic and biodegradable fuel; over 90% of biodiesel will degrade within 
28 days in soil or water [ 10], and this biodegradability of biodiesel in natural environment 
makes it an attractive fuel.  Many studies have been conducted to assess the energy 
balance, and life cycle costs of biodiesel and biodiesel blends compared to fossil diesel 
fuel [ 11].  This study compared findings for a comprehensive "cradle to grave" inventory 
of materials used; energy resources consumed; and air, water and solid waste emissions 
generated by fossil diesel fuels and biodiesel in order to compare the total "lifecycle" costs 
and benefits of each of the fuels.  The total energy efficiency ratio (i.e. total fuel 
energy/total energy used in production, manufacture, transportation, and distribution) for 
fossil diesel fuel and biodiesel are 83.3% and 80.5% respectively.  The report notes: 
"Biodiesel and petroleum diesel have very similar energy efficiencies."  The study also 
compared the lifecycle emissions of many exhaust gases like, carbon dioxide, Carbon 
monoxide, and Sulfur oxides from biodiesel to fossil diesel fuel.  Except for Nitrogen 
Oxides, all other lifecycle emissions were lower for biodiesel fuels.  The major reduction 
is in the overall lifecycle emissions of carbon dioxide (a major greenhouse gas), which is 




78% lower for biodiesel fuels.  This reduction is a direct result of carbon recycling in 
plants [ 11]. 
 
Biodiesel can be used either as neat (100% - B100) or as blends at any proportion like 5, 
10, and 20% (B5, B10, B20) by volume in baseline diesel fuel [ 12].  Blending is the 
preferred method so far to maximize the benefits of biodiesel and offsetting the cost 
differential with petroleum diesel [ 7].  To achieve consistent performance from biodiesel 
blends it is necessary that the biodiesel and diesel fractions are thoroughly mixed.  A 
common method for blending fuels is very simple and known as the splash method where 
the biodiesel is added over the baseline diesel while maintaining a little agitation [ 10].  
Currently, European car manufacturers approve up to 7% of biodiesel (B5) in diesel fuel 
to be used in their vehicles, which meets European fuel standards EN 14214 and EN 590.  
The guarantees afforded by manufacturers of vehicles, engines and equipment (catalysts, 
particulate filters, etc.) still remain very limited and prove to be one of the main 
difficulties in the use of biofuels.  Fuels containing higher blends of biodiesel will become 
more popular in near future because it represents a good balance of cost, emissions, cold 
flow performance and material compatibility.  Several methods have been used to reduce 
the viscosity of vegetable oil, including dilution, pyrolysis, micro-emulsion, and 
transesterification.  Nowadays, transesterification is the current method which is used 
efficiently [ 7]. 
 
The aim of this review was to investigate the properties of biodiesel fuels and their impact 
on the performance and emissions of diesel engines.  To achieve this aim, a literature 
survey of current publications regarding FAME production and the impact of their 
physical and chemical properties on engine performance was conducted.  In addition, a 
review of the latest published studies on the impact of using biodiesel fuels on the actual 
performance and emissions of diesel engines is carried out. 
 




2.2 FAME Production 
2.2.1 Feedstock 
The production of biodiesel is generally derived from plentiful biological sources such as, 
vegetable oils, animal fats, and recycled oils.  During the last 20 years researchers have 
been carrying out extensive studies in the field of production and characterization of diesel 
fuel from multiple sources depending on climate and soil, different vegetable oil crops are 
used in biodiesel producing countries [ 7].  Predominantly rapeseed and sunflower oil are 
the main feedstocks in Europe, palm oil in tropical countries and soybean oil and animal 
fats in North America [ 10].  Table  2.2 presents main feedstocks currently used in biodiesel 
production [ 6- 11]. 
 
Feedstock Main Source Area Notes 
Soybean Oil USA, China, South America Edible 
Rapeseed Oil EU, China, India Edible 
Palm Oil Indonesia, Malaysia Edible 
Sunflower Oil Russian Federation, Ukraine, EU, Argentina Edible 
Cottonseed Oil China, India, USA Edible 
Peanut Oil China, India Edible 
Olive Oil EU, Turkey Edible 
Jatropha Oil India, Far East Non-Edible 
Algae Oil USA, Others Non-Edible 
Beef Tallow USA, Canada, Others Animal waste 
Pork Lard All Animal waste 
Waste Cooking Oil All Non-Edible 
Table  2.2, Main biodiesel feedstocks [ 6- 11] 
 
Mainly because of the high price of edible grade vegetable oils, investigations had begun 
to study the use of cheaper alternative feedstocks for biodiesel production such as used 
frying oil, animal fat and yellow grease.  Beef tallow and pork lard, especially the inedible 
parts as a result of the meat packing process, are also used in the production of biodiesel.  
The advantages of animal feedstocks are their lower cost compared to vegetable oils; 
however an additional processing might be required to produce an acceptable biodiesel 
[ 7].  Waste yellow grease which is usually used frying oil has also been considered as a 
candidate for biodiesel production, and the selection is usually depends on geographic 
location and the quality of the feedstock. 
 




The use of edible oils and animal fats for biodiesel production has recently been of great 
concern because they compete with food crops.  Therefore, the contribution of non edible 
oils will be more significant and more justifiable for biodiesel production in the future 
especially in independent countries.  Jatropha and Algae oils are the most mainstream 
alternatives for biofuel development, as they are easily available in many parts of the 
world and are very cheap compared to edible oils [ 10].  In addition, they have very similar 
characteristics to that of petroleum diesel which recommends them as a strong alternative 
for the diesel replacement. 
 
2.2.2 Transesterification Process 
Biodiesel is produced commercially by a chemical reaction called transesterification [ 4,  7, 
and  11] which is a chemical process to lower the viscosity of the vegetable oils by 
breaking up the triglyceride molecule, and then separate the fatty acid molecules from the 
glycerine molecule.  This process brings the properties of the vegetable oils and animal 
fats closer to those of diesel fuel, solving the high viscosity problems of vegetable oils.  
The transesterification process involves mixing the feedstock oil (triacylglycerol) with an 
alcohol, usually methanol or ethanol, in the presence of a catalyst using a standard agitator 
or mixer [ 13,  14].  The reaction mixture is kept just above the boiling point of the alcohol 
(around 71°C) to speed up the reaction and the reaction takes place.  In this reaction, the 
alcohol breaks up the triglyceride molecules into fatty acid (FA) and glycerine molecules, 
the FAME formation reaction is shown in Figure  2.1.   
 
 
             Triglyceride      Methanol    FAME       Glycerol 
 
Figure  2.1, Formation of Methyl Ester from Triglycerides, adopted from [ 10] 
 




Catalysts used in the transesterification process to speed up the reaction can be made from 
either base or acid metals and the choice depends on quality and cost of the process [ 10].  
The usual reaction time varies from 1 to 8 hours and usually takes place at room 
temperature.  The reaction products are methyl esters (if methanol is used) or ethyl esters 
(if ethanol is used) which is biodiesel and glycerol (type of sugar) as a by-product [ 7].  
Once separated from the glycerol, the biodiesel is sometimes purified by washing gently 
with warm water to remove residual catalyst or soaps, dried, and sent to storage.  Biodiesel 
has one-eighth the viscosity of the original vegetable oil.  Each ester chain retains two 
oxygen atoms forming the “ester” and giving the product its unique combustion qualities 
as an oxygenated vegetable based fuel.  The fact that alkyl (both methyl and ethyl) esters 
have the most similar properties to the petroleum diesel made it the optimum alternative 
fuel to be used in diesel engines. 
 
2.3 FAME Properties 
The fatty acid (FA) is turned into biodiesel mainly to lower its viscosity [ 15,  16], and the 
chemical composition of biodiesel is much simpler than fossil diesel fuel since it contains 
only six or seven different fatty acids, where fossil diesel fuel contains different length of 
hydrocarbon chains and aromatic compounds.  The percentage of the different FA in fats 
or vegetable oils varies depending on the feedstock, which will have a direct impact on the 
properties of the fuel.  The chemical and physical properties of the various individual FA, 
as well as the effect of molecular structure (branching of the chain) determine the overall 
properties of biodiesel fuel [ 4,  7, and  17].  The average FA composition of the main 
biodiesel feedstocks that were cited during this work are summarized in Table  2.3.  The 
FA name is followed by number of carbon molecules and number of double bonds.  The 
length of carbon chain and number of double bonds (un-saturation level) in the FAs will 
vary the physical and molecular properties, which will directly affect the overall 
performance of biodiesel within an engine and combustion system.   
 























































































- - 1.1 - - - - 
Methyl Myristate 
C14:0 
- - 1.2 - - - 3.2 
Methyl Palmitate 
C16:0 
10.3 3.7 43.0 6.1 26.3 14.7 26.0 
Methyl Palmitoleic 
C16:1 
0.4 - -   1.0 2.8 
Methyl Stearate 
C18:0 
4.3 2.2 4.4 3.3 1.9 7.5 27.0 
Methyl Oleate 
C18:1 
23.5 62.8 41.0 19.7 15.8 40.0 38.0 
Methyl Linoleate 
C18:2 
53.5 22.3 8.3 70.3 55.5 36.0 1.8 
Methyl Linolenate 
C18:3 
7.5 8.5 - - - - - 
Others 0.5 0.5 1.0 0.6 0.5 0.8 1.2 
Table  2.3, The percentage FA composition in biodiesel fuel [ 7- 9,  16,  24,  70,  71,  82- 87,  93- 97,  102] 
 
The saturated fat is a fat that cannot chemically accept additional hydrogen and contains 
only single carbon-carbon bond.  The degree of un-saturation is generally denoted by the 
iodine number, as the iodine number increases the un-saturation level increases [ 7].  The 
average fuel properties of major biodiesel feedstocks that were cited during this entire 
work are summarized in Table  2.4.  These properties are the main factors that influence 
the combustion performance and emissions of diesel engines.  Although, biodiesel has 
slightly higher density than petroleum diesel, it contains slightly less energy on a 
volumetric basis.  This has been shown to result in a slight loss of engine power [ 4,  18, 
and  19].  On the other hand, the fuel consumption of vehicles running with biodiesel is 
expected to increase in order to compensate for the lower calorific value of biodiesel 
compared to baseline diesel fuel.  It is also very noticeable from Table  2.4 that the flash 
point temperature of all biodiesel fuels, which is the lowest temperature where enough 
fluid can evaporate to form a combustible mixture [ 10], is much higher than baseline 
diesel fuel.  This introduces a challenge when using biodiesel fuels in cold ambient 
environments. 







































































































Cetane Number (CN) 52.8 53.3 53.7 59.6 52.6 52.1 55.6 57.8 53.6 
Net Calorific Value 
(Mj/kg) 
42.6 38.4 38.1 39.5 37.1 40.9 39.1 40.3 38.3 
Density at 15°C 
(kg/m3) 
833 884 879 885 886 882 876 875 884 
Kinematic Viscosity 
at 40°C (mm2/s) 
2.8 4.3 4.7 6.7 4.3 5.8 4.6 5.3 5.3 
Flash Point (°C) 63 152 155 166 177 180 168 157 144 
Oxygen Content (%) 0 10.8 10.6 12.2 10.9 * 11.3 * 11.1 
Pour Point (°C) -18.3 -2.8 -9.5 12.1 * -4 3 12 -2.5 
* Could not be obtained 
Table  2.4, Fuel properties of different biodiesel feedstocks [ 7- 9,  16,  24,  70,  71,  82- 87,  93- 97,  118] 
 
Attempts have been made by various researchers to determine the best composition of 
biodiesel that would enhance the combustion process, and it was observed that the fuel 
properties of biodiesel play a significant role in the combustion process [ 7,  10, and  17].  
The individual FAME properties and their effect on diesel engine’s performance and 
emissions are discussed in details in the following sub-sections. 
 
2.3.1 Cetane Number (CN) 
CN is one of the main indicators of the ignition quality and combustion smoothness in 
diesel engines.  It is a dimensionless descriptor for the ignition delay time of a fuel upon 
injection into the combustion chamber.  The higher the CN, the shorter the ignition delay 
time and vice versa.  It is an acceptable fact that the CN of biodiesel is generally higher 
than fossil diesel fuel due to the absence of aromatic compounds [ 20].  The European 
standard for biodiesel (EN 14214:2003) specifies the minimum requirements for CN to be 
51, since too low CN might cause very rapid and incomplete combustion.  Like other 
properties, CN number is affected by the molecular structure of the source material FA.  
The CN of biodiesel depends on the distribution of fatty acids in the original oil or fat 
from which it was produced.  The longer the straight chain FA and the more saturated the 
molecules in the fuel, the higher the CN [ 7,  10, and  20].   





A wide range review conducted by Gopinath et al. [ 21] on the influence of fatty acid 
structure and composition on cetane number, the author concluded that vast majority of 
studies acknowledged the fact that the CN increases with increase in the chain length and 
decreases with increase in the number of double bonds as presented in Figure  2.2.   
 
 
Figure  2.2, Cetane Number Trend Lines for Methyl Esters [ 21] 
 
In a more specified study, Knothe et al. [ 22] studied the CNs of branched esters and 
compared them to those of straight chain esters, and the study conclusion was that the 
branching effect was not significant compared to the impact of the chain length and 
number of double bonds.   
 
Higher CNs of the fuel was also correlated with reduced NOX exhaust emissions for 
conventional diesel fuel as stated by Knothe [ 22], however this is not always true for all 
types of engine technologies, as modern engines that are equipped with more sophisticated 
injection systems that control the rate of injection are less sensitive to CN variations [ 20, 
 22].  This issue will be discussed in more details in the section related to FAME exhaust 
emissions.  In addition to CN, several other properties of biodiesel are important for 
determining its suitability as an alternative to petroleum diesel fuel. 
 




2.3.2 Heat of Combustion 
The heat of combustion measures the energy released when a known quantity of a fuel is 
burned with oxygen under specific conditions; it is also referred to as the calorific value or 
heating value.  The energy content in biodiesel molecules is about 10% lower than fossil 
diesel, as seen in Table  2.4, mainly due to the absence of aromatic hydrocarbons [ 15].  The 
petroleum diesel fuel contains 25-35% aromatics, which have greater energy per litre of 
fuel if compared to FAs.  Therefore, it is generally known that biodiesel fuels have lower 
heat release values than petroleum diesel.  The FA chain length is the most influential 
chemical property on biodiesel’s calorific value, as reported by few authors that as the FA 
chain length increases the heat of combustion value increases [ 10,  20, and  23].  Fuel 
density and number of double bonds also have an effect on the fuel’s calorific value but 
not significantly.  A review conducted by Sinha et al. [ 23] concluded that the FAMEs have 
slightly higher combustion efficiency than baseline diesel fuel due to the structural oxygen 
content of the biodiesel which improves the combustion process, and similar observations 
were reported by Lapuerta et al. [ 4].   
 
2.3.3 Density and Kinematic Viscosity 
Both density and kinematic viscosity are very important properties of biodiesel since they 
affect the operation of fuel injection equipment, and consequently the combustion process.  
The density of biodiesel is always greater than petroleum diesel, as shown in Table  2.4, 
and density falls slightly as the chain length and saturation level increases [ 10,  24].  
Similarly, biodiesel fuel has higher kinematic viscosity value than petroleum diesel, and it 
is directly proportion to the FA chain length and saturation levels [ 10,  15, and  24].  High 
viscosity leads to poorer atomization of the fuel spray of the fuel injectors as reported by 
many authors [ 19- 26], and most of them agreed on the fact that biodiesel demonstrated 
poorer performance in low operation temperatures compared to fossil diesel because its 
viscosity and density increases more rapidly as temperature drops.   
 




2.3.4 Cold Flow 
In addition to biodiesel’s viscosity as a measure of cold flow property, cloud point (CP) 
and pour point (PP) are more specified cold flow indication properties.  The CP is the 
temperature at which wax first becomes visible when the fuel is cooled, and the PP is the 
lowest temperature at which the fuel can flow [ 7].  In addition to CP and PP, another 
property is also used in Europe for measuring the cold flow properties in biodiesel which 
is the cold filter plugging point (CFPP) [ 10].  It basically measures the highest temperature 
at which the fuel crystals fail to pass through a standard filter under standard conditions.  
One of the major drawbacks associated with the use of biodiesel is the poor low 
temperature performance due to their higher solidification temperatures, and engines 
fuelled with biodiesel may experience more fuel system plugging difficulties especially in 
cold weather conditions compared to baseline diesel fuel [ 25,  26].  Table  2.4 clearly shows 
the higher PP temperatures of biodiesel fuels compared to baseline diesel fuel, and this 
temperature varies significantly with different FAME feedstock.   
 
In general, the crystallisation temperature for biodiesel increases as carbon chain length 
and saturation levels of the FA increases with saturation level being more influential factor 
[ 10,  20].  The saturated fatty compounds have significantly higher melting points than the 
un-saturated compounds which increases the crystallisation temperature of the fuel as 
reported by Knothe [ 20], and the relationship between some of the above mentioned fuel 
properties and fuel composition is summarized in Table  2.5. 
 
 
Table  2.5, Fuel properties as a function of fuel composition [ 18] 
 
The draw backs of biodiesel cold flow properties are usually minimized by using additive 
products to lower the CP temperatures [ 10].  Fuel winterisation is also used to improve the 




cold flow properties of biodiesel fuel by reducing the total concentrations of saturated 
components [ 10,  20].  This method removes by filtration the solids formed during cooling 
of the FAMEs, leaving a mixture with higher content of unsaturated FA and thus with 
lower CP and PP.  Complete reduction of saturated components is not recommended 
because it might affect the ignition quality of the biodiesel fuel [ 20].   
 
2.3.5 Oxidation Stability 
The oxidation stability is measured by its resistance to oxidation that may occur during 
storage, production, and use.  The oxidation process is mostly influenced by the contact 
with oxygen in air and by other factors, such as elevated temperature, light exposure, and 
the presence of contaminants [ 20,  28,  29,  35].  Biodiesel is reported to be more susceptible 
to oxidation compared to fossil diesel due to its chemical nature [ 27], like all other 
vegetable oils, biodiesel has poor oxidation stability under both hot and cold temperatures 
compared to petroleum diesel, so understanding the factors affecting its degradation is 
very crucial.  Oxidative stability is the major parameter for biodiesel in order to become a 
reliable automobile fuel and is a key characteristic in determining whether biodiesel is 
suitable for use as a replacement fuel in diesel engines [ 29].   
 
FAMEs resistance to oxidation, polymerization, water absorption, and microbial activity 
are worse than fossil diesel due to the presence of unsaturated molecules, as reported by 
few authors [ 7,  20,  27, and  29- 31].  The high degree of unsaturation is the most important 
factor that influences the stability of FAME, as it appears in Table  2.5, because double 
bonds are more susceptible to the attack from oxygen in air and to form mixtures of 
various products from polymers to short chain compounds [ 28,  35, and  36].  Further 
investigations in correlating oxidation stability to the total number of double bonds 
indicated that the position of the double bonds within the FA structure could also affect 
the oxidation stability of biodiesel fuel [ 28,  35, and  37].   
 
Fuel oxidation could affect the physical and chemical properties, and also produce viscous 
collides and other impurities which have a tendency to polymerize and form species with 
higher molecular weights and increase the fuel viscosity [ 10,  29,  30, and  38- 40].  




Consequently, oxidized fuel could lead to microbial growths in fuel storage tank and 
sludge up fuel injection equipment, as reported by Ogawa et al. [ 40], and different 
combustion performance and emission characteristics than fresh biodiesel [ 32,  44].  In 
addition, corrosive products could also be produced during the oxidation process which 
makes biodiesel more reactive with other vehicle components such as engine lubricant, 
rubbers, plastics and even metallic components [ 31,  41- 43].  The affect of biodiesel on 
engine components will be further discussed in the next section. 
 
Depending on the storage conditions, biodiesel can be stored for a period of one year 
under normal storage conditions without significant change in quality parameters, and the 
long term storage could cause predominant oxidation instability [ 7].  Acceptable oxidative 
stability could be reached by appropriate addition of antioxidants with all different types 
of FAME fuels and their blends was extensively reviewed by Paligova et al. [ 32].  
Similarly, Lin et al. [ 29] reported a significant retardation in the fuel property deterioration 
process with the addition of antioxidants to the Palm oil based biodiesel fuel.   
 
2.4 FAME Performance in Diesel Engines 
2.4.1 Compatibility 
Material and equipment compatibility is always a concern for researchers whenever they 
plan for a fuel composition change.  The difference in fuels physical and chemical 
properties will have a different effect on the engine and vehicle components, such as fuel 
system and engine’s lubrication and after treatment systems.  Biodiesel and biodiesel 
blends have shown that they might affect certain physical properties of some elastic 
materials used in hoses, gaskets and seal materials, as reported by Lamprecht [ 45].  The 
compatibility of seal and hose materials commonly used in automotive fuel systems using 
conventional diesel fuel has long been established however it is still undergoing research 
with biodiesel fuels [ 46].   
 
The compatibility issue is only valid with certain polymers and rubbers found in hoses and 
gaskets that typically form part of the fuel system found in older vehicles and are not 




found in many vehicles in use today according to national biodiesel board [ 47].  A study 
performed by Nakai et al. [ 48] evaluated the influence of biodiesel fuels on the automotive 
fuel-line rubber and plastic materials concluded that both B20 and B100 fuel blends did 
have an effect on the hose and liner materials, and only deterioration was observed when 
water and acid was added to the fuel to simulate oxidation of biodiesel.  Similar 
observations were recorded in a technical report prepared by Terry et al. [ 49] when the 
authors examined the physical properties of five candidate elastomers commonly used in 
automotive fuel systems before and after immersion in the six test fuel blends under 
controlled conditions.  The authors concluded their study by stating that all candidate 
materials tested exhibited good resistance to changes in physical properties of the test 
fuels at concentrations up to 20%.  However, in a joint report issued in 2009, the fuel 
injection equipment (FIE) manufacturers stated that more extensive revisions will be 
required to facilitate biodiesel blends higher than 7% in order to reduce the risk of 
premature failure of the fuel system [ 50].  The effect of FAME on the lubrication and after 
treatment systems will be further explained in the following section. 
 
2.4.2 Lubrication and Wear 
Lubricity properties of fuel are very critical for reducing friction wear in engine 
components which are normally lubricated by the fuel rather than crankcase oil.  
Mechanical wear and fuel leaks can cause many problems in the engine fuelling system, as 
fuel pumps and injectors depend on the fuel for lubrication of moving parts.  It has been 
known that biodiesel improves the lubricity of the diesel fuel, and it is a common practice 
among most of the diesel fuel producers to add 1-5% of biodiesel in the ultra low Sulfur 
diesel (ULSD) fuel to improve its lubrication quality [ 19,  51].   
 
However, other concerns of using biodiesel are raised due to its effect on engine oil 
dilution, if an engine has a tendency to get unburned fuel into the crankcase, the situation 
will be more troublesome with biodiesel than with baseline diesel [ 52- 56].  Different 
physical properties of FAMEs such as higher volatility, higher surface tension and higher 
specific gravity could lead to a larger fuel droplet size and thus more impingements on the 
cylinder wall from where it can be scraped into the crankcase oil by piston rings [ 57].  A 




study by Fang et al. [ 58] reported that engine oil contaminations with biodiesel reduces the 
performance of lubricating oil because biodiesel fuels have higher flash points and hence 
will remain in the crankcase for longer periods of time than baseline diesel, which will 
also lead to a reduction in engine oil viscosity or sludge development caused by oxidation.  
Lower evaporation rates with biodiesel compared to ULSD was experimentally proven by 
Andreae et al. [ 52] leading to higher dilution rates over time. 
 
On the other hand, few authors investigated the impact of biodiesel fuel on engine wear 
compared to baseline diesel, and no indication of excessive wear was observed when 
engine was fuelled with biodiesel fuel blends up to B20 [ 31,  34, and  59- 61].  As a matter 
of fact, majority of the authors reported a reduction in wear rate with biodiesel and 
concluded their work by stating that the reduction in engine wear is a result of better 
lubricity properties of biodiesel fuel.   
 
2.4.3 Fuel Injection System 
The physical properties of fuel that have the most influential effect on the performance of 
injection systems are density, kinematic viscosity, and surface tension, as discussed 
previously, biodiesel fuels have higher density and kinematic viscosity than petroleum 
diesel, see Table  2.4.  Also, the surface tensions of biodiesel fuels are slightly higher than 
baseline diesel fuel due to their difference in molecular structure [ 57,  62].  Higher fuel 
viscosity leads to poorer atomization of the fuel spray and higher surface tension values 
will produce larger average droplet size, therefore slower droplet vaporization and 
possibly a reduction in air and fuel mixing [ 7].   
 
Several authors reported that the higher density values of biodiesel lead to its higher speed 
of sound and bulk modulus of compressibility, which will directly affect the injection 
timing settings particularly in case of pump-line-nozzle injection systems [ 4,  8,  24,  63- 67].  
The authors explained that higher bulk modulus of compressibility results in more rapid 
transferral of the pressure wave from the fuel pump to the injector needle and earlier 
injection in case of biodiesel fuels.   





However, in case of engines equipped with an electronically controlled common rail fuel 
injector, several review studies reported no alteration to actual injection timings [ 4,  63,  64, 
 66, and  68].  Most of the studies indicated that no influence by differing biodiesel fuel 
properties on the injector needle response was observed when common rail fuel system is 
used due to the fact that in these systems the pump controls rail pressure for each 
individual injector rather than unit injectors pressurizing the fuel.   
 
2.4.4 Exhaust After-Treatment System 
The advancements in diesel engine technology have lead to an increase in light duty diesel 
powered vehicle popularity in Europe and the United States.  The stringent emission 
standards for this vehicle class have lead to the necessity of emissions control systems on 
these vehicles, selective catalytic reduction (SCR) with urea and NOX adsorber catalyst 
(NAC) are the leading technologies for meeting the new emission standards for the light 
duty diesel vehicles [ 2].  Extensive research has been conducted over the past years 
focusing on the performance and durability of these technologies in conjunction with 
conventional diesel fuels, however little research has been performed with the biodiesel 
fuels.   
 
Most of the studies mainly concentrated on the impact of biodiesel fuel on diesel 
particulate filters (DPF) and to some extent on NOX reduction systems.  An investigation 
by Tatur et al. [ 69] reported faster soot regeneration rate in the DPF with B20 fuel blend 
compared to base diesel fuel.  Few other studies also reported quicker soot oxidation 
process in the DPF with biodiesel fuel compared to baseline diesel fuel due to its lower 
balance point temperature (BPT), which indicates that the DPF inlet temperature at which 
the rate of particle oxidation approximately equals the rate of particle collection is much 
lower with biodiesel fuel blends [ 56,  60,  71- 73].  The authors justified this improvement 
in DPF performance by changes in PM morphology and the addition of oxygen to the PM 
surface with biodiesel increased oxidation reactivity of the soot particles, yielding 
enhanced rate of soot oxidation.  On the other hand, contradictory results were reported on 
the impact of biodiesel fuel on the performance of NOX absorber catalyst (NAC) [ 69, and 




 70].  An improvement in the SCR system performance with biodiesel fuel was reported by 
Tatur et al. [ 60], due to lower exhaust temperature upstream of the NAC with biodiesel 
which is more favourable for NOX adsorption efficiency compared to baseline diesel fuel, 
as the authors explained.  On the other hand, Kawano et al. [ 70] reported a malfunction of 
NOX storage reduction (NSR) catalyst when RME biodiesel was introduced to the engine 
due to the reduction in fuel rich spikes caused by higher distillation temperatures of 
biodiesel.   
 
Despite an extensive search of published literature by the author, no investigations into the 
impact of biodiesel fuel on the performance of diesel oxidation catalysts (DOC) could be 
found. 
 
2.4.5 Engine out Emissions 
2.4.5.1 Particulate Matter (PM) and Smoke 
The dry portion of PM is carbon (soot) and the liquid portion is a combination of 
unburned diesel fuel and lubricating oil, called soluble organic fractions (SOFs), which is 
adsorbed within the dry carbon particles [ 2].  PM emissions have been the most 
considerable concerns with the manufacturers of diesel engines, as it is very visible and 
often contains some carcinogenic aromatic hydrocarbons [ 1].  According to an EPA 
technical report issued in 2002 [ 1], the PM emissions of B100 and B20 are less than 
petroleum diesel by 47%, and 12% respectively (see Table  2.1).  Biodiesel contains higher 
values of oxygen which will allow faster and more complete combustion compared to 
fossil diesel fuel [ 7, and  74], which explains (at least in part) the reduction in particulate 
matter (PM) emissions from biodiesel [ 4,  8].  The detailed process of the chemical 
mechanism involved in PM and soot reduction with FAMEs are still not very clear, but 
Pepiot et al. [ 75] speculated that the effect of the oxygen moieties contained in the 
molecules, and the dilution effect which forms various structural groups replaces highly 
sooting components of the baseline diesel fuel with cleaner HCs is the main factor in 
reducing sooting tendency. 
 




The effect of biodiesel chemical composition on smoke opacity and PM emissions were 
investigated by few authors, as reported by Lapuerta et al. [ 4], their results did not show a 
solid correlation either with the chain length or with the unsaturation level.  On the other 
hand, Schonborn et al. [ 17] reported an increase in PM with increasing number of double 
bonds in the FA and no significant impact FA chain length was observed.   
 
2.4.5.2 Nitrogen Oxides (NOX) 
(Nitric oxide (NO) and nitrogen dioxide (NO2), and are formed during the combustion of 
fuel at extremely high temperatures).  The NOX formation is also influenced by the 
oxygen concentration in the fuel, combustion duration, and the mixture richness in the 
combustion chamber [ 2].  Majority of cited literature in this work reported an increase in 
the NOX emissions when using biodiesel fuels and the percentage increase is directly 
dependant on the physical and chemical properties of biodiesel.  A few authors speculated 
that biodiesel fuel properties causes advancement in the start of fuel injection in the case 
of engines equipped with pump-line-nozzle injection system [ 4,  7,  10,  24, and  64] as 
explained in section  2.4.3.  The advancement in injection timing resulted in a longer 
combustion period where temperatures are conducive to NOX formation [ 76].   
 
On the other hand, it was experimentally proven by Zhang et al. [ 64] and others [ 77,  78] 
that using biodiesel does not affect the start of injection if the engine is equipped with 
common rail fuel injection system.  The higher adiabatic flame temperature caused by 
lower heat dissipation by soot due to its lower concentrations with biodiesel caused the 
increased in NOX emissions in vehicles equipped with common rail injection systems [ 4, 
 24, and  64].  Similarly, an investigation by Cheng et al. [ 79] on the impact of biodiesel 
fuel on NOX emissions concluded that the reduced soot radiative heat transfer with 
biodiesel could have played a significant role in increasing NOX emissions. 
 
The formation of NOX emissions is also effected by fuel properties, such as cetane 
number, aromatics content and iodine number, Lapuerta et al. [ 24] reported that the use of 




biodiesel fuels leads to a slight increase in NOX emissions, especially in the case of highly 
un-saturated biodiesel fuels, see Figure  2.3.   
 
 
Figure  2.3, Effect of Iodine Number on NOX Emissions [ 24] 
 
Figure  2.3 clearly shows that as the iodine number of the fuel increases the NOX emissions 
increases.  Regarding the effect of molecular structure, few studies concluded that shorter 
chain length esters produce higher NOX emissions [ 4,  10,  79, and  80], but the saturation 
level impact is more pronounced [ 79,  80].  In a unique explicit study, Schonborn et al. 
[ 17] investigated the influence of the FA chain length, number of double bonds on the 
combustion process and NOX formation using several individual FA and the ability of 
fixing the injection timing, ignition timing, and ignition delay.  The authors 
experimentally approved that longer chain FAMEs produce less NOX compared to the 
shorter chain length mainly due to shorter ignition delay, which shifted the combustion 
towards diffusion control and reflected in a smoother heat release pattern of the fuel.  
Similarly, the NOX emissions increased with increasing number of double bonds due to 
longer ignition delay periods associated with the un-saturated FAs.  The effect of chain 
length and saturation level of FAs on the density and CN are the main contributors in 
altering the NOx emissions as reported by Knothe et al. [ 81].  However, McCormick et al. 
[ 82] reported that the saturation degree of biodiesel had a small effect on NOX emissions 
in a common rail injection system, which indicates that the exact molecular structure 
affects of biodiesel fuels on the NOX emissions are still open for speculations.   
 




2.4.5.3 Hydrocarbons (HC) 
It is the unburnt hydrocarbons (UBHC) leave the combustion chamber at the end of power 
stroke, and usually originate in the combustion zones were the mixture is not burnt 
completely [ 2].  The use of biodiesel reduces the amount of HC emissions, according to 
EPA report issued in 2002 [ 1] the HC emissions from B100 and B20 are less than 
petroleum diesel by 67%, and 20% respectively (see Table  2.1) and it reduces as the 
percentage of biodiesel increases in the fuel.  This reduction in HC emissions is explained 
(at least in part) by the presence of oxygen in the fuel since it allows faster and more 
complete combustion compared to fossil diesel fuel [ 7].  The amount of UBHC increases 
with longer ignition delays that often lead to the formation of overly lean fuel and air 
mixtures which fails to undergo complete combustion [ 2].  Few authors investigated 
correlations between the FA molecular structures and HC emissions, but contradictory 
results were reported [ 4,  7, and  17].   
 
2.4.5.4 Carbon Monoxide (CO) 
CO emission concentrations increase as the combustible mixture becomes richer, as there 
will be incomplete combustion of the fuel, and diesel engines always produce negligible 
emissions of CO, since the air/fuel ratio is always lean [ 2].  Similar to HC, CO emissions 
can be easily oxidized in the diesel oxidation catalyst.  According to EPA report issued in 
2002 [ 1], the use of biodiesel further reduces the amount of CO emissions from diesel 
engines.  A reduction of 48% and 12% with B100 and B20 respectively is reported (see 
Table  2.1), and it reduces as the percentage of biodiesel increases in the fuel.  Similar to 
the UBHC, the amount of CO emissions increases with longer ignition delays that often 
lead to the formation of overly lean fuel and air mixtures which fails to undergo complete 
combustion [ 2], and no solid correlation between the FA molecular structures and CO 
emissions could be found in the literature as per author’s knowledge.   
 
 




2.5 Review of Vehicle Experiments with Biodiesel 
In this section, recent published papers on vehicle trials with biodiesel are reviewed.  
Several studies are summarized regarding biodiesel’s effect on engine performance and 
emissions.  Vehicle trials on chassis dynamometer are the standard tool for legislatively 
prescribed emission tests, but vehicle testing with biodiesel had a small share in the 
research studies mostly for legislative and certification purposes.  In this review, more 
attention will be paid to light-medium duty vehicle trials equipped with direct injection 
(DI) common rail fuel systems, although there are only a few papers published in the 
literature.  In the mean time, papers on heavy duty vehicle testing will also be cited to 
provide an additional background to the review, and the review will be subdivided into 
sections according to each emission, a list of all cited publications on vehicle trials is 








Mercedes C220, 2.2 CDI, Euro 3 
calibration 
On Road B100 JME [ 16] - 2005 
International Truck, Cummins 250 
HP 
On Road B100 [ 83] - 2004 
Multiple, Medium - high duty On Road B20 [ 84] - 2004 
Mitsubishi L-200, 2.4 DI Common 
Rail, Euro 4 calibration 
NEDC, Chassis 
Dynamometer 
B30 – B80 SME, 
PME, UFOME 
[ 85] - 2010 




B5 – B20 SME [ 86] - 2007 
Audi, 1.9 TDI Common Rail 
Chassis 
Dynamometer 
B30 SME [ 87] - 2003 




B5 – B30 RME [ 92] - 2008 
Toyota Avensis, 2.2 DI Common 
Rail, Euro 4 calibration 
NEDC, Chassis 
Dynamometer 
B30 RME [ 88] - 2008 
Renault Laguna, 1.9 DI Common 





[ 89] - 2007 
2.0 DI, Euro 3 calibration 
Chassis 
Dynamometer 
B2 – B20 
UFOME 
[ 90] - 2007 
Seat Altea, 2.0 TDI Common Rail, 
Euro 4 calibration 
Chassis 
Dynamometer 
B5 – B50 
UFOME 
[ 91] - 2007 
Table  2.6, List of vehicle specifications cited 
 
2.5.1 Particulate Matter (PM) and Smoke Opacity 
A huge reduction in PM emissions (about 33%) was reported by Sanjeev et al. [ 16] when 
neat biodiesel (B100) from Jatropha methyl ester (JME) was used compared to baseline 




diesel fuel.  Similarly, Camden Council in Australia [ 83] reported a reduction of 91% in 
PM and 79% in smoke opacity emissions with B100 fuel compared to petroleum diesel, 
and Newcastle city council in Australia [ 84] also reported a 30% reduction in smoke and 
39% in PM emissions.  Karavalakis et al. [ 86] also reported a reduction of 18% and 24% 
in PM emissions with B5 and B20 from soybean oil methyl ester respectively compared to 
baseline diesel.  Oak Ridge National Laboratory in the U.S reported 15-25% lower PM 
emissions with B30 than base line diesel fuel [ 87], which is generally attributed to the 
higher oxygen content of biodiesel fuels, as the authors explained.  Bielaczyc et al [ 92] 
also reported a reduction in PM emissions by 5%, 10% and 21% with B5, B10 and B30 
respectively; similarly, Yoshida et al. [ 88] reported a 16% reduction in PM emissions with 
B30 RME biodiesel.   
 
On the other hand, Georgios et al. [ 89] did not observe any difference in PM emission 
from B10 cottonseed oil (CSO) compared to the baseline diesel fuel, and large reductions 
in PM emissions were achieved by Karavalakis et al. [ 85] with biodiesel blends up to B50, 
and this trend reversed with higher biodiesel concentrations.  Arapaki et al. [ 90] used 
different blend ratios (B2, B5, B10, and B20) of used frying oil methyl esters (UFOME) in 
their study, the authors reported an unexpected increase of PM as the percentage of 
biodiesel increases in the fuel.  The authors suspected that the highly saturated (low iodine 
number) and lower aromatic content of (UFOME) might be the reason for this result.  
When tested the same fuel on a different vehicle, Tzirakis et al. [ 91] reported that no 
significant differences in smoke opacity for the B5 and B20 blends compared to diesel fuel 
were observed; however with B50 a reduction 27% in smoke opacity was achieved which 
puts their previous findings under suspicious. 
 
The average reduction in PM emission from Table  2.6 is about 24% for B20 fuel blends 
and about 58% for neat biodiesel.  This result agrees with the general published literature, 
the reduction in PM emissions is more effective with lower concentrations of biodiesel in 
the fuel [ 4].  The majority of the authors emphasized that this reduction in PM is due to 
the higher values of oxygen availability in biodiesel which will allows faster and more 
complete combustion compared to fossil diesel fuel [ 7], several other reasons were 
proposed to explain the reductions of PM emissions with biodiesel, the absence of 




aromatics and Sulfur in biodiesel fuel as well as the combustion advancement especially in 
pump-line-nozzle fuel injection systems [ 4,  7].   
 
2.5.2 Nitrogen Oxides (NOX) 
Bielaczyc et al [ 92] reported an increase in NOX emissions by 6% and 9% for B5 and B30 
respectively compared to baseline diesel fuel over NEDC drive cycle, the authors 
attributed the results to higher oxygen concentrations and higher local combustion 
temperatures.  A slight increase in NOX emissions but not very significant was reported by 
McGill et al. [ 87] with the addition of SME biodiesel to the base fuel, which was also 
justified by the higher oxygen content of biodiesel fuels.  Both authors speculated multiple 
causes for the increase in NOX emissions with biodiesel, high oxygen content and higher 
density value of biodiesel, and the impact of physical and chemical properties of biodiesel 
on start of injection timing.  Karavalakis et al. [ 85] also reported an increase in NOX 
emissions with biodiesel blends over all driving conditions, and the authors also concluded 
that a strong correlation was found with both the degree of un-saturation and driving 
cycle, on the NOX emissions.  Further investigations into the affect of different biodiesel 
feed stocks on NOX emissions were reported in section  2.4.5.2. 
 
No significant change in NOX emissions was reported by Yoshida et al. [ 88] when their 
vehicle was fuelled with B30 RME biodiesel and Georgios et al. [ 89] reported the same 
observations, and both authors reported that NOX emissions were very close to the 
baseline values and below Euro 3 emission limits.  Sanjeev et al. [ 16] also did not observe 
any increase in NOX emissions with fresh B100 from Jatropha methyl Ester during normal 
load operating conditions.  However, the maximum difference of NOX emissions was only 
reported at full load due to higher combustion temperatures, the authors also investigated 
the impact of fuel aging on emissions and reported a slight increase in NOX compared to 
fresh biodiesel. 
 
In contrast to the most published literatures, Tzirakis et al. [ 91] reported a reduction trend 
in NOX emissions as the percentage of biodiesel increased in the fuel with respect to diesel 
fuel, except in accelerating uphill conditions.  The reductions ranged from 5.5% to 25% 




with B5 to B50 fuel blends, and same authors reported similar observations using a 
different vehicle [ 90].  The authors justified this reduction in NOX emissions by a 
reduction in the adiabatic flame temperature of combustion, and the use of highly 
saturated (low iodine number) methyl esters.  This proposal, is however, disputed by a 
number of other studies [ 4,  24, and  64].   
 
The majority of the published literature on vehicle trials in Table  2.6 reported a slight 
increase in NOX emissions when biodiesel fuel was used as neat or blended with baseline 
diesel fuel.  The average increase in NOX emissions were in the range of 5% with low 
concentrations of biodiesel and reaches up to 10% with B100.  Higher oxygen content and 
higher density of biodiesel were reported as the main factors for having higher NOX 
emissions with biodiesel.  Few authors speculated the alteration in the combustion process 
as a consequence effect of biodiesel’s different chemical properties also a cause of higher 
NOX emissions.   
 
2.5.3 Hydrocarbons (HC) 
A 25% reduction in HC emissions is reported by Sanjeev et al. [ 16] with B100, and 
similarly Arapaki et al. [ 90] achieved 55% reduction in HC with B20 UFOME.  Yoshida 
et al. [ 88] also reported a 30% reduction in HC emissions with B30 RME biodiesel, and 
Karavalakis et al. [ 86] reported only 6% reduction in HC emissions with B20 SME.   
 
On the other hand, no trend towards higher or lower HC emission levels was observed by 
Georgios et al. [ 89] when their vehicle was fuelled with biodiesel fuel.  Karavalakis et al. 
[ 85] also reported a reduction in HC emissions with the addition of biodiesel, however the 
authors observed a trend towards higher emission levels over NEDC and speculated that 
the lower volatility of biodiesel blends and the cold start effect of the legislated NEDC 
were the main factors.  Similarly, the reduction in HC emission was reported by Bielaczyc 
et al [ 92], but they also observed that the reduction in HC emissions started to reduce with 
higher blends of biodiesel and during the initial parts of NEDC. 
 




The HC emission from diesel engines has not been an issue since the use of diesel 
oxidation catalysts, and the majority of authors show a reduction trend in HC emissions 
with the use of biodiesel fuel in their vehicles.  The main factors reported by the authors 
were the oxygen content and higher CN of biodiesel compared to petroleum diesel.  
Higher oxygen content leads to more complete combustion and less unburnt HCs, and 
higher CN will also reduce the ignition delay which leads to less lean mixture zones [ 2].   
 
2.5.4 Carbon monoxide (CO) 
Karavalakis et al. [ 86] reported a 10% reduction in CO emissions with B20 SME 
compared to baseline diesel fuel.  A higher reduction in CO emissions was reported by 
Arapaki et al [ 89] of 42% with B20 of UFOME, the authors also reported a reduction of 
17% and 41% for B20 and B50 fuels respectively with a different vehicle [ 91].  Similarly 
Yoshida et al. [ 88] reported a reduction of 21% when their vehicle was fuelled with B30 
RME biodiesel over NEDC drive cycle. 
 
In contrast, Sanjeev et al. [ 16] reported unexpected increase in CO emissions, they 
observed a 50% increase in CO emissions with B100 from Jatropha methyl ester 
compared to fossil diesel.  Similarly, Georgios et al. [ 89] tested B10 cottonseed oil and 
reported close values of CO emissions to the baseline values.  Karavalakis et al. [ 85] also 
reported a reduction in CO emissions with the addition of biodiesel, however the authors 
observed a trend towards higher emission levels over NEDC and suspected lower catalyst 
efficiency during the cold start of the legislated NEDC.  Bielaczyc et al [ 92] reported a 
reduction in CO emissions by 15% for B5, no changed for B20 and increased by 6% for 
B30.  The authors concluded that not only the presence of oxygen but also other physical 
and chemical parameters of biodiesel fuels are of significant importance. 
 
The percentage reduction in CO emissions depends on several factors, engine technology, 
engine load and speed, biodiesel type [ 4], and the additional oxygen content in biodiesel 
fuel is often used to explain the reason for lower CO emissions by most of the authors.  
The availability of extra oxygen enhances a complete combustion for the fuel, which 
reduces CO emissions [ 4, and  7].   





2.5.5 Power and Fuel Consumption 
Arapaki et al. [ 91] reported an increase in FC by 2%, 6%, and 9.5% for blends B5, B20, 
and B50 respectively, and also Yoshida et al. [ 88] reported an increase in FC by 3% with 
B30 RME biodiesel.  The Camden Council [ 83] reported a reduction in the maximum 
power of the engine by about 17%, and an increase in FC by 2.4% with B100 due to the 
lower calorific value of methyl esters, and Karavalakis et al. [ 86] reported a maximum 
increase of 6.5% in FC when B20 was used compared to baseline diesel. 
 
2.6 Review of Engine Experiments with Biodiesel 
Engine testing is usually performed in laboratories over engine test stand (bench).  This 
arrangement allows the engine to be operated in different operating regimes and offers 
measurement of several physical variables associated with the engine operation.  Engine 
testing facilities are commonly used in engine development and catalyst performance 








Yanmar, Single Cylinder 0.5 DI Steady State 
B20 – B50 
Palm Oil ME 
[ 93] - 2007 
Hino, 4 Cylinder 4.0 TDI with 
Common Rail, DOC + DPNR 
JE05 Transient 
and Steady State 
B5 – B100 
RME 
[ 94] - 2008 
John Deere, 4 Cylinder 4.5 TDI 
with Common Rail  
Steady State B20, B100 [ 95] - 2008 
Toyota, , 4 Cylinder 2.2 DI with 
Common Rail 
Steady State B30 RME [ 88] - 2008 
4 Cylinder 2.5 DI Steady State 
B10 – B100 
RBOME 
[ 23] - 2007 
Cummins, 6 Cylinder 5.9 TDI Steady State B20, B100 [ 8] - 2006 
VW, 4 Cylinder 2.5 TDI with 
Common Rail 
Steady State B20, B40 [ 64] - 2007 
Mercedes, 4 Cylinder 2.2 CDI Steady State B100 JME [ 16] - 2005 





[ 89] - 2007 
4 Cylinder 1.4 TDI with Common 
Rail, DOC 
NEDC B20 RME [ 92] - 2008 
Table  2.7, List of cited engine specifications 




The current section summarizes few published studies on the impact of biodiesel fuel 
blends on the performance and emission of diesel engines.  Table  2.7 lists engine 
specifications and few experimental details of the cited works.   
 
2.6.1 Engine out Emissions 
A reduction in smoke by 37% and 60% was reported by Lin. et al. [ 93] as well as an 
increase in NOX emissions by 1.5% and 2.5% at 2400 rpm engine speed with B20 and B50 
biodiesel blends respectively compared to petroleum diesel.  The authors also reported a 
decrease in THC emissions by 15% and 22% with B20 and B50 respectively at 1200 rpm, 
and they stated that the combustion process was benefited by higher oxygen content, short 
carbon chain lengths, and numerous saturated carbon bonds as a result, smoke and THC 
emissions were significantly reduced.   
 
The use of B5 and B20 blends reduced the PM emissions slightly relative to baseline 
diesel fuel, but with B80 and B100 was reversed as Kawano et al. [ 94] reported.  The 
authors speculated that mixing oxygenated fuels in low concentrations is more effective in 
reducing PM emissions than high concentrations due low volatility of biodiesel.  The 
engine out CO and HC emissions reduced and NOX emission increased linearly with 
increasing percentage of biodiesel in the fuel.   
 
Karra et al. [ 95] reported lower soot, HC, and CO emissions with B100 fuel, and increase 
in NOX emissions with an increase in biodiesel concentration in the fuel.  The change in 
NOX emission was very little between baseline diesel and B20 fuels and considered to be 
statistically insignificant.  The authors experimentally approved that both higher EGR 
levels and double injection strategies could reduce the soot and NOX emissions of B100 
fuel significantly, and the authors concluded that the increase in injection pressure resulted 
in an increase in NOX emissions due to the fact that higher injection pressure creates better 
atomization and vaporization, which results in higher combustion temperature. 
 




Similarly Yoshida et al. [ 88] reported no significant change in NOX emissions with B30 
compared to baseline diesel fuel, but the use of biodiesel fuel reduced HC, CO, and PM 
emissions.  Also, no significant difference was found in fuel injection rates and spray 
penetration between both B30 blend and diesel fuels due to the benefits of common rail 
injection system, as the authors explained.  In the mean time, the B30 fuel blend showed a 
tendency of slightly stronger penetration and longer injection duration under the main 
injection conditions which was speculated by the poor vaporization characteristics of 
biodiesel, but it was not great enough to have a negative impact on tailpipe emissions. 
 
2.6.2 Combustion and Heat release 
The combustion behaviour of Rice-bran oil methyl ester blends under different engine 
loads and speeds was investigated by Sinha et al. [ 23].  All tests were carried out under 
steady state engine conditions, and results were averaged in order to eliminate the effect of 
cycle to cycle variations.  The main conclusions of this experimental study are 
summarized in the following points: 
• The peak cylinder pressure is higher with biodiesel blends at no load but reverses 
at higher loads because it occurs near the TDC. 
• The combustion starts earlier for all biodiesel blends due to shorter ignition delay 
and advanced injection timing effects of biodiesel, see Figure  2.4. 
 
 
Figure  2.4, Instantaneous rate of heat release for 50 percent of rated engine load at 1400 RPM 
 




• The premixed combustion heat release was higher for diesel fuel due to higher 
volatility and longer ignition delay of diesel, biodiesel tends to release energy 
earlier than diesel fuel especially in low loads. 
• Cumulative heat release decreases as percentage of biodiesel increases in the blend 
due to lower heating value of the biodiesel, and the combustion duration reported 
to be higher for biodiesel blends than for diesel due to its slower rate of 
combustion. 
• Satisfactory engine operation was observed with RBME blends, and no 
undesirable combustion features such as pre-ignition and knocking were observed. 
 
In another study, Alam et al. [ 8] reported the response of a commercial engine to different 
oxygenated fuels, in terms of the injection timing, heat release, and flame structure.  Five 
types of fuel were considered, ultralow sulphur diesel fuel (BP-15), B20 biodiesel, two 
blends of diglyme with diesel fuel (O-20 and O-95) and a neat biodiesel (B100).  The 
results reported in this study, were obtained at 1800 r/min and 10% load.  The 
experimental conclusions are summarized in the following points: 
• The earliest start of injection occurred with biodiesel fuels relative to the base 
diesel due to the higher bulk modulus of compressibility of biodiesel, but earlier 
start of combustion occurred with B100 fuel, which might be due to earlier 
injection or shorter ignition delay, see Figure  2.5. 
 
 
Figure  2.5, Rate of heat release analysis [ 8] 





• The lowest premixed burn peak was observed with B100 and the highest with 
baseline diesel fuel, and the trend was consistent with the cetane number of the test 
fuels. 
• Fuel properties, such as density, cetane number, and calorific value, had significant 
effects on the start of injection and combustion.   
 
The impact of biodiesel on injection timing and heat release profiles was investigated by 
Zhang [ 64] and the study conclusions are summarized in the following points: 
• During both high and low load conditions, the analysis of needle lift profiles and 
fuel injection line profiles showed that using biodiesel does not affect the start of 
injection with the common rail fuel injection system, and the actual fuel injection 
timing for all fuel blends well matched, see Figure  2.6. 
 
 
Figure  2.6, Needle lift and fuel injection line profiles [ 64] 
 
• All three fuel blends had very similar heat release rate profiles under both single 
and double injection strategies, which showed that biodiesel did not significantly 
affect the combustion profile. 
 




Similarly, Yoshida et al. [ 88] investigated the combustion characteristics of B30 RME 
biodiesel compared to baseline diesel fuel, and concluded the following points: 
• Shorter ignition delays were observed with B30 fuel blend compared to baseline 
diesel fuel even though they had same cetane numbers, and the authors suggested 
that higher oxygen content in biodiesel under high EGR rates caused this active 
ignitability of B30 fuel blend.   
• No significant difference in heat release rate was observed between both fuels 
under exactly the same conditions with double pilot injections, and the authors 
justified it by the moderate combustion resulted from pilot injections, which tends 
to make any difference in fuel properties difficult to observe, see Figure  2.7.   
 
 
Figure  2.7, Heat Release Rates [ 88] 
 
Also, Georgios et al. [ 89] reported no impact on the combustion process and in-cylinder 
pressures during all measured points except idle using a blend of 10% cottonseed oil with 
baseline diesel fuel.   
 
The majority of published studies conclude a satisfactory engine operation with biodiesel 
fuel blends, and no undesirable combustion features such as pre-ignition and knocking 
were observed with biodiesel.  They also reported that biodiesel fuel properties, such as 




density, cetane number, and calorific value, had significant effects on combustion 
especially in engines equipped with conventional pump-line-nozzle fuelling system.  On 
the other hand, using biodiesel does not affect the start of injection in the vehicles 
equipped with common rail fuel injection systems.  Longer injection durations are 
experienced with biodiesel fuels to compensate for LHV in order to achieve the same 
power demand [ 94], however increasing the percentage of biodiesel causes, earlier start of 
combustion, quicker rise in the rate of heat release, and a higher peak of the rate of heat 
release [ 93].   
 
2.6.3 Power and Fuel Consumption 
A reduction in engine power by 3% was reported by Sanjeev et al. [ 16] with B100 
biodiesel from Jatropha methyl ester.  Also, Georgios et al. [ 89] reported minor effects on 
fuel consumption with 10% cottonseed oil blended with baseline diesel fuel, however 
during low engine speeds and idling conditions, the engine output power dropped by 14% 
compared to baseline diesel fuel.   
 
Using B20 at high load conditions increased the fuel consumption of about 3.6-5.2% 
compared to baseline diesel, as Zhang et al. [ 64] reported.  Similarly, Lin et al. [ 93] 
reported a reduction in engine power at full load with B50 blend of PKOME and diesel 
compared to pure diesel, and they also reported an increase in BSFC by 3.5% and 7.8% 
with B20 and B50 respectively due to LHV of biodiesel fuels due to its different chemical 
composition.  In the medium size DI diesel engines, Kawano et al. [ 94] reported an 
increasing trend in BSFC with the addition of biodiesel to the fuel, it increased by 3.7%, 
13%, and 18% for B20, B80, and B100 respectively.  Similar results were reported by 
Karra et al. [ 95], the BSFC increased by 3.9% and 19.5% for B20 and B100 blends 
respectively. 
 
Bielaczyc et al [ 92] reported an increase in the FC as the percentage of biodiesel increased 
in the fuel blend, and they also reported that the maximum engine power and maximum 
torque for B5 and B20 were comparable to the baseline diesel fuel.  Yoshida et al. [ 88] 
also reported very minor increase in FC (less than 2%) with B30 biodiesel fuel. 





With respect to FC and power output of biodiesel, most of the authors reported an 
increasing rate proportional to the biodiesel content in the blends.  The average FC 
increase was in the range of 3.2% to 6.5% for B20.  Most of the authors reported a power 
drop of 14% to 17% for B100 compared to diesel fuel.  Others reported minor effects in 
both FC and output power with biodiesel blends.  However, all authors agreed on a fact 
that the increase in FC and losses in power output is mainly caused by the lower heating 
value of biodiesel fuel. 
 
2.7 Unregulated Emissions with Biodiesel 
Besides the regulated emissions from diesel engines, a concern about the emissions of air 
toxics, carcinogenic and reactive hydrocarbon compounds is also increasing.  The toxic 
emissions from diesel engines can be divided into two groups: Those in the HC portion of 
the gaseous emissions; and, the heavier hydrocarbons including Sulfates and some 
aromatic hydrocarbons found in PM [ 2].  According to EPA (table 2.2), by using B100 
biodiesel fuel the reductions of Sulphates and PAH will reach up to 100% and 80% 
respectively.  Very limited data on these emissions, while using biodiesels, are available, 
thus at the present time it is difficult to draw any conclusions on unregulated emissions 
and this area clearly needs more research in future.   
 
Arapaki et al. [ 90] reported an increase in soluble organic fraction (SOF) emissions with 
addition of UFOME biodiesel to the fuel blend.  An increase of 7% in SOF with B20 
biodiesel fuel was reported, and the authors suggested that more attention should be paid 
at the unregulated emissions due to their direct impact on public health.  Karavalakis et al. 
[ 86] also reported an increase in SOF emissions of biodiesel blends (about 2.5%) than 
those of petroleum diesel.  The authors speculated that the fatty acid composition is the 
main reason for having higher SOF emissions. 
 
On the hand, Camden Council [ 83] reported a significant reduction in PAH by 75% with 
B100 biodiesel compared to baseline diesel.  Similarly, Sharp et al. [ 96] reported 




substantial reduction in PAH and the use of B20 biodiesel fuel blend did not generate any 
new species that was not already present in diesel or biodiesel exhaust.  A significant 
reduction in aromatic and oxygenated aromatic emissions was reported by Ballesteros et 
al. [ 97] with the use of biodiesel fuel blends compared to the conventional diesel fuel.  
McGill et al. [ 87] concluded their study by stating that the unregulated emissions did not 
seem to have much dependence on the fuel and the presence of an oxidation catalyst in the 
exhaust stream was very effective in reducing it, and similarly K. Yoshida et al. [ 88] 
reported the same SOF emissions from both B30 RME and baseline diesel fuels. 
 
As discussed, few studies have evaluated the unregulated emissions from diesel engines.  
Many authors indicated that engine characteristics and the type of biodiesel fuel used are 
the major factors affecting the unregulated emissions from diesel engines.  However, the 
scarcity and variability in the reported results make it very difficult to draw any solid 
conclusions on the impact of biodiesel on unregulated emissions and more research is 
required in this area.   
 
2.8 Review of Engine Simulation with Biodiesel 
2.8.1 Background 
The simulation of internal combustion engine (ICE) has become very important in recent 
years due to the continuous higher stringent obligations from legislators on vehicle 
manufacturers.  It becomes almost a necessity to assess the vehicles performance using 
both simulation studies and laboratory tests.  Modelling an engine with proper software 
can lead to time and money savings, since the engine simulation results usually predict 
engine performance without going to the trouble of conducting the actual tests.  
Developing these tools not only will help the auto industry improve fuel efficiency, but 
also will help with optimising engine calibration for lower emissions.  However, it should 
be noted that simulation in only a step prior to actual physical experimentation and the 
simulation results must be validated with experiment to establish a good reliability.   
 




Combustion engines are complex, highly engineered systems and the traditional design 
methods will not suffice for the new complex systems, therefore the thermodynamic or 
fluid dynamic approaches have been developed as basic types of models.  The 
thermodynamic approach is known as zero dimensional (0-D) [ 98], and for more realistic 
engine simulation, computational fluid dynamics (CFD) can be used, but the drawback is 
long computational time limiting its application.  In addition to CFD packages, Matlab 
Simulink, Ricardo WAVE, AVL Fire, and Fluent are also commercially available 
softwares [ 99].  Modelling the compression ignition (CI) diesel engines represent a 
particular challenge due to the complex physics and mechanics of the heterogeneous 
combustion.   
 
Theoretical models have been developed recently to analyze the performance 
characteristics of the CI engine fuelled by biodiesel and its blends due to its physical and 
chemical properties that may result in spray atomization differences.  Atomization quality 
is influenced by the physical properties of the fuel, as discussed in section  2.4.3.  
Therefore, predicting the physical properties of biodiesel is a crucial step for the accurate 
prediction of the spray atomization and combustion processes.  Next, a review of the 
recent published studies on engine simulation with biodiesel will be conducted. 
 
2.8.2 Simulation Reviews 
Brakora et al. [ 99] developed kinetic mechanisms to predict ignition timing and NOX 
emissions over four engine loads with a use of soy bean based biodiesel and the authors 
modelled their single cylinder engine and biodiesel fuel using the KIVA-3V release.  With 
11% oxygen content in the fuel, the biodiesel was represented by C19H34O2 chemical 
composition in the model and the simulation results of cylinder pressure and heat release 
rate are presented in Figure  2.8.  The ignition timing and peak pressure were adequately 
predicted when compared to experimental values; however the NOX emissions were under 
predicted at light load conditions compared to experimental results even though the 
general trend was similar to the experimental data. 
 





Figure  2.8, Simulation results of pressure and HRR [ 99] 
 
Similarly, Szybist et al. [ 100] modelled their single cylinder engine using the CHEMKIN 
III package.  The authors used n-heptane to simulate diesel fuel, and methyl butanoate to 
simulate soy based methyl ester biodiesel.  The effect of altering the intake temperature on 
the HRR and combustion characteristics was correctly simulated by the model.  However, 
the effect of different concentrations of biodiesel was not accurately simulated as engine 
out emissions.  The authors concluded that the used model is not in the best position to 
simulate biodiesel combustion, due to the inability of the model to account for the physical 
properties of the fuel.   
 
The combustion characteristics of Jatropha based biodiesel blends were investigated by 
Ali et al. [ 101] with the effect of altering the compression ratio of a single cylinder DI 
diesel engine.  The authors used C10H22 and C7H10O as the molecular formula for diesel 
and biodiesel fuels respectively in the combustion model and the simulation results 
showed that with increasing compression ratio, brake thermal efficiency increases, and 
both experimental and simulated results were in good agreement.  Also, biodiesel fuel 
demonstrated lower brake thermal efficiency than that of diesel fuel, due to the fact that 
the calorific value of biodiesel is generally lower. 
 




Ra et al. [ 62] investigated the effect of physical property differences between biodiesel 
and diesel fuels on CI engine operation in a multi dimensional CFD model that simulated 
the combustion in a 1.9 L light duty diesel engine by replacing the physical properties of 
diesel with those of biodiesel.  The required physical properties of biodiesel were obtained 
from the literature and used in the model and includes, liquid density, vapour pressure, 
surface tension, and heat of vaporization plus several more profile properties were used, as 
they are very critical in fuel injection and combustion models.  The model predicted a 
decrease in NOX emissions and higher soot values with the use of biodiesel fuel.  The 
authors justified these results by stating that differences in the chemical oxidation 
mechanisms between diesel and biodiesel fuels were not modelled in this simulation.  The 
authors concluded that it is very important to accurately specify all of the physical 
properties of biodiesel fuel in the model, and appropriate chemistry mechanism needs to 
be incorporated for accurate prediction of emissions. 
 
Cheng et al. [ 77] simulated the operation of a small bore high speed direct injection engine 
built by Ford.  The authors used the three dimensional multi phase CFD package KIVA-
3V release 2 which was modified to improve its compatibility with biodiesel simulation.  
The simulation is done in various injection schemes with soybean biodiesel (C19H35O2) 
and low sulphur diesel fuel (C14H30).  The authors reported an accurate prediction for 
petroleum based diesel and soybean biodiesel compared to the experimental 
measurements.  The comparison showed accurate prediction of the combustion 
characteristics including ignition time, heat release rate and peak combustion pressure for 
all the injection cases.  However, the predictions of NOX emissions did not agree with the 
published literature.   
 
Most of the developed simulation packages predicted the combustion profiles of biodiesel 
fuels to some extent; however contradictory results were reported with engine out 
emissions.  As a result, further development is required in order to accurately model the CI 
engine when fuelled by biodiesel and its blends due to its physical and chemical properties 
that may result in spray atomization differences.  Also, no studies could be found that used 
a single dimensional software package simulating biodiesel combustion in CI engines. 
 




2.9 Engine Calibration with Biodiesel 
2.9.1 Background 
The standard diesel engine ECU is optimised to operate with baseline diesel fuel, so it is 
necessary to optimise the engine toward better emissions and performances when fuelled 
with biodiesel pure or blended than with baseline diesel fuel.  Tuning the engine 
governing parameters by modifying the ECU mapping data could be possible to re-gain 
some of the power output gap and simultaneously reduce NOX content in the exhausts by 
taking advantage of low CO emissions and the better combustion of biofuels [ 102].  This 
type of calibration is only possible when modern diesel engines are used due to the 
requirement of controlling the fuel pump and electronically controlling the injection 
timing.  The most common practice for optimizing standard diesel engines for the use of 
biodiesel is to look for the best compromise between CO and NOX emissions by 
modifying fuel injection strategy and EGR rate [ 7].  On the other hand, the deterioration of 
power is usually compensated by increasing the fuel quantity, because net energy release 
in biodiesel is less.  The effect of biodiesel fuel on emissions depends not only on the fuel 
composition but also the operation modes and how the engine has been tuned.  In this 
section, the experimental studies into diesel engine optimization with the use of biodiesel 
fuels are reviewed even though very little publications are available in this field. 
 
2.9.2 Engine Optimization Reviews 
Ireland et al. [ 102] investigated the possibility of improving the engine out NOX emissions 
by modifying the main injection timing and EGR rate when the engine is fuelled with B20 
RME biodiesel.  The authors tested the sensitivity of the fuel consumption (FC), NOX, and 
PM emissions to changes in a single parameter at a time, and then combined the 
calibration changes simultaneously to obtain optimized engine performance and 
emissions.  Figure  2.9 shows the effect of changing engine parameters on emissions and 
FC, the best combination was one degree advance in main injection timing and 4% 
increase in EGR rate.  Even though all four engine calibrations reduced both NOX and fuel 
consumption for B20 below that of the stock calibration with B20, the selected 
combination reduced fuel consumption more than any of the other settings while resulting 
in emissions of NOX approximately equal to that of baseline diesel with stock calibration.  




Finally the authors concluded that, a simple calibration change could eliminate negative 
effects of B20 on NOX emissions and fuel economy while preserving a significant 
reduction in PM emissions. 
 
 
Figure  2.9, Effects on emissions and FC due to changes in engine Parameters [ 102] 
 
Similarly, Senatore et al. [ 103] investigated the possibility of optimizing a commercial 
diesel engine with B100 biodiesel fuel by increasing the injected fuel mass to obtain the 
same engine power output, and tuning the EGR rate and fuel injection timing.  The 
optimal calibration for the engine depended on engine speed/load, and biodiesel blend 
ratio used, Table  2.8 shows optimization results during 2000 RPM engine speed.  By 
tuning the EGR rate and fuel injection timing, both CO and NOX emissions closely 
matched up those of diesel fuel during the standard case.   
 





Table  2.8, Emissions level at 2000 RPM and 12 bar BMEP [ 103] 
 
The authors also investigated the impact of engine calibration on rate of heat release; see 
Figure  2.10, the faster velocity of combustion process can be observed when biodiesel fuel 
is introduced to the engine compared to baseline diesel fuel.  The figure clearly shows that 
by activating the EGR valve, the combustion velocity remains almost unchanged but the 
heat release peak decreases causing a lower value of mean gas temperature which 
probably caused the reduction in NOX emissions.   
 
 
Figure  2.10, Heat Release Rate at 2000 RPM and 12 bar BMEP [ 103] 
 
In a different study, Kawano et al. [ 70] achieved over 50% reduction in NOX emissions 
when the EGR rate was optimized for RME biodiesel fuel without significantly effecting 
other emissions except a slight increase in FC of about 3%.  The authors concluded that 
the ECU modifications are necessary to optimise the engine calibration for different type 




of fuels, and are easily applicable to all commercial DI diesel engines equipped with a 
common rail injection system.  Similar observations were obtained by Lujan et al. [ 104], 
Yoon et al. [ 105] and Zhang [ 106] when they modified the EGR rate to optimize the 
engine calibration for the introduction of biodiesel fuel.  This calibration change has 
proved to be able to produce important benefits in terms of NOX emissions without 
significant penalties on particulate emissions and FC.  Moreover soot, HC, and CO 
emissions, maintained a lower level as compared to those obtained by baseline diesel fuel 
under the same EGR rate. 
 
2.10 Conclusions 
The aim of the literature survey was to perform a thorough review of current publications 
about FAME production, properties, and their impact on diesel engine emissions and 
performance.  The following conclusions were drawn: 
 
• The factors most affecting the physical and chemical properties of FAMEs are 
their carbon chain length and number of double bonds (un-saturation level). These 
factors will directly affect the fuel’s performance in the fuel injection system as 
well as its combustion and emission characteristics.   
• The cetane number, kinematic viscosity and crystallisation temperature of FAMEs 
increase as the chain length and saturation level increases in the fatty acid 
molecules, and its resistance to oxidation decreases with an increasing number of 
double bonds. 
• FAMEs are compatible with most of the elastomers used in diesel engines and can 
improve fuel lubricity.  Higher viscosity and surface tension of biodiesel fuels 
leads to poorer atomization of the fuel spray. 
• The average fuel consumption increases with biodiesel use due to its lower 
calorific value compared to petroleum diesel fuel, and a reduction in engine out 
emissions of CO, HC and PM with biodiesel is reported by the majority of studies 
due to higher oxygen content which allows faster and more complete combustion 
of the fuel compared to petroleum diesel. 




• An increase in NOX emissions is reported with biodiesel use due to physical and 
chemical properties, such as cetane number and density.  Studies suggest that 
increases in NOX emissions could be linked to the molecular structure of the fatty 
acids with the level of un-saturation being most significant. 
• Biodiesel fuel properties were found to have a significant effect on the combustion 
process especially in the case of pump-line-nozzle fuel injection systems, but the 
impact reduces significantly when common rail fuel injection systems are used. 
• Simulation studies with biodiesel using CFD models reported contradictory results 
due to inability of the models to account for some biodiesel fuel properties. No 
literature could be found which examined the use of one-dimensional simulation 
packages to investigate the combustion of biodiesel fuels in compression ignition 
engines. 
• Adjusting the EGR rate and injection timing can mitigate some of the negative 
effects of biodiesel use, such as an increase in NOX emissions and fuel 
consumption, by optimising the combustion process. 
• Whilst there have been studies investigating the impact of biodiesel use on diesel 
particulate filters, no published work could be found examining the impact of 
biodiesel fuel on the performance of diesel oxidation catalysts (DOC). 
• All literature reviewed, discussed studies which examined biodiesel performance at 
room temperature (20-25°C approx.). The author could find no studies examining 
the interaction between ambient operating temperature and engine performance 
and emissions when using biodiesel fuels. 
• Many studies discuss the impact of injection timing and EGR rate on engine 
emissions when using biodiesel, however, no literature could be found which 
examined the impact of other calibration parameters, such as rail pressure and pilot 
injection timing, on engine performance and emissions with biodiesel fuels. 
 
In summary, many authors conclude their studies by requesting further investigations in 
order to achieve an improved understanding of the impact of FAME’s cold flow properties 
on diesel engines, especially for fuel blends greater than 5%. This improved understanding 




would provide engine manufacturers with information on the long-term impact of 
biodiesel use on engine operation and durability.  
 
The lack of knowledge pertaining to the interactions between ambient temperature and 
vehicle performance when using biodiesel blends is addressed and discussed in the next 
chapter. An experimental programme will be conducted investigating the effect of 
biodiesel fuel blends on the fuel consumption, engine-out emissions, tailpipe emissions, 
and catalyst conversion efficiency of a standard diesel vehicle and compared to the results 
obtained from a reference diesel fuel when the vehicle is operated at different ambient 
temperatures. 
 




Chapter 3  Biodiesel Vehicle Trials 
 
3.1 Introduction 
Vehicle testing over specified drive cycles is still used by the legislators to asses the 
compliance of vehicles with the emission standards since they provide a standardised 
means of measurement, and accurate comparison between vehicles running under tightly 
controlled test conditions.  Although a large number of studies have investigated the effect 
of changing the biodiesel blend ratio on the vehicle fuel consumption and emissions, there 
are relatively little data pertaining to the interaction between the ambient operating 
temperature and these increases in the blend ratio.   
 
3.1.1 Aims and Objectives 
The aim of the work reported in this chapter, is to investigate the effect of biodiesel fuel 
blends, from a known feedstock, on the emissions and performance of a production 
vehicle with unmodified engine calibration when operated with various biodiesel blends at 
different ambient temperatures.  To achieve this goal, the following objectives were set: 
 
• Evaluate the impact of using various blends of RME biodiesel on fuel 
consumption, engine-out emissions, tailpipe emissions, and catalyst conversion 
efficiency at different ambient temperatures, and compare the results to a reference 
diesel fuel when the vehicle is driven over NEDC. 
• Determine the presence and significance of the interactions between different 
blend ratios and ambient temperatures from total NEDC cycle results. 
• Quantify the loss in vehicle power with increasing RME blend ratio and changes in 
ambient temperature when the vehicle is operated at full load. 
 





The experimental work will be conducted using the chassis dynamometer facility at 
the University of Bath, which is described in section  3.2.  The study required 
substantial planning in order to avoid any uncontrollable factors which could affect the 
validity of the experimental results.  The following points were considered: 
 
• With two variables in mind (blend ratio and cell temperature), a design of 
experiment (DoE) approach was used to plan the testing phase of this project. 
• The test plan would cover several fuel blends of biodiesel and diesel to obtain 
clear trends of the effect of different ratios on diesel engine performance, 
emissions, and fuel consumption. 
• The vehicle should be tested under different ambient conditions, -5°C and 
25°C are reasonable conditions that simulate UK driving conditions.  DoE 
suggested an interim temperature of 10°C in order to assess a non-linear 
relationship.  With temperature as low as -5°C and different blend ratios, the 
effect of cold flow properties on a diesel combustion will be identified. 
• The drive cycle should produce representative results which can be compared 
to other studies.  The use of the NEDC provides this commonality.  
 
3.2 Experimental Facility 
3.2.1 Experimental Cell 
The chassis dynamometer at the University of Bath can accommodate light duty; medium 
duty, front wheel, and rear wheel drive vehicles.  It is climatically controlled with the 
capability of controlling the temperature from -10°C to 50°C.  A photograph of the facility 
is shown in Figure  3.1. 
 





Figure  3.1, University of Bath chassis dynamometer testing facility 
 
The vehicle testing facility is equipped with a Zollner 48” dynamometer with two 
independent 126 kW DC motors.  A cooling fan is situated in the front of the vehicle to 
provide cooling air to the radiator, and the fan speed is automatically adjusted according to 
the vehicle speed.   
 
3.2.2 Vehicle 
A 2.0 litre Euro 3 compliant Ford Transit van, equipped with a direct injection common 
rail diesel engine operating on its standard production calibration was used in this study.  
The full specification of the vehicle is presented in Table  3.1. 
 
Manufacturer Ford Motor Company 
Type Transit Van 125 T260 
Kerb weight 2455kg 
Engine Puma 2.0L production Spec (DuraTorq TDCi – 125PS) 
Fuel Injection Delphi Common Rail (production spec.) 
Transmission Front Wheel drive, five speed manual 
Power train Front wheel drive 
ECU Module DPC-801 (development/calibratable ECU) 
Emissions Standard EURO 3 (category N1 – III) 
Year 2002 
Table  3.1, Vehicle Specification 





The vehicle was inspected prior to starting the experimental procedure, and the engine oil 
was changed.  The vehicle was driven on the rollers for a period of 10 hours to age the 
new oil as well as ensuring its readiness for the testing program.  A daily check sheet 
requesting vehicle and test parameters was prepared and completed to ensure repeatability 
of the tests on a daily basis, as well as preparing the vehicle for the next test. 
 
3.2.3 Fuels 
Baseline diesel fuel (B0) was supplied by Shell and a full specification sheet is given in 
Appendix A.  The biodiesel fuel used in this study is rapeseed oil methyl ester (RME) 
supplied by BP and the specification table is given in Appendix B.  The specifications of 
RME meet the European biodiesel standard EN 14214:2003 with a slightly lower cetane 
number (CN), which is not usually common in most of the biodiesel fuel types (see Table 
 3.2). 
 
Property Baseline Diesel (B0) RME Biodiesel (B100) 
Cetane Number (CN) 52.8 49.5 
Net Calorific Value (Mj/kg) 42.59 39.99 
Density at 15°C (kg/m
3
) 833 883.2 
Kinematic Viscosity at 40°C (mm
2
/s) 2.75 4.56 
Oxygen Content (%) 0 11 
Water Content (mg/kg) 68 210 
Table  3.2, Summary table of Fuel Specification 
 
The CN of 49.5 for the RME fuel is slightly lower than the standard requirement of 51, 
which needed to be considered in the results analysis.  The other properties follow similar 
trends to published biodiesel specifications.  The summary Table  3.2 shows the RME fuel 
density, viscosity, and water content is higher than that of baseline diesel fuel.  Also the 
net calorific value of RME fuel is lower by approximately 6% compared to baseline diesel 
fuel.  Due to the extended duration of this study, the RME fuel drums were stored in a 
refrigerated location below 3°C to avoid possible oxidation or degradation of the fatty 
acids.  The fatty acid break down for the RME fuel used in this project is presented in 
Table  3.3. 





FA Structure 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) - 
FA Name Palmate Palmitoleate Stearate Oleate Linoleate Linolenate Others 
(%) 2.05 0.31 1.66 62.82 20.41 9.15 3.60 
Table  3.3, RME Fatty Acid Composition 
 
Fuel blends of B5, B10, B20, B30, and B50 were prepared on site by splash blending the 
required volumetric ratios of baseline diesel and RME fuel in 50 litre barrels and 
connected directly to the vehicle’s fuel system.  Samples of each blend were taken at the 
beginning and end of the test program and analysed by nuclear magnetic resonance 
(NMR) to ensure the consistency of the blend ratio. 
 
3.2.4 Facilities 
3.2.4.1 Emissions Measurement 
All gaseous emissions from the vehicle (NOX, HC, CO, and CO2) are collected in bags and 
analysed by MEXA-7400DETR analysers.  Continuous second by second samples 
(modal) are also taken at engine out and post catalyst locations.  The constant volume 
sampling (CVS) system and sample points are shown in Figure  3.2. 
 
 
Figure  3.2, University of Bath chassis dynamometer and CVS system layout 





In the CVS system the entire content of the vehicles exhaust is diluted with ambient air in 
the mixing T, and a pump or blower draws the diluted gasses at a constant flow rate 
defined by the in-line venturi.  A small representative sample is subsequently drawn into 
bags for later analysis of each of the individual legislated gas species, while at the same 
time an additional set of sample bags are filled with ambient air to compensate for ambient 
air contamination.  This technique, as explained by Hawley et al. [ 107], produces what are 
commonly termed as ‘bag’ results which provide a single overall result for the mass of 
each emission produced from the tailpipe over a legislative drive cycle.  The CO2 tracer 
technique is used to determine the modal exhaust gas volume flow rate in order to convert 
the volumetric emissions concentrations measured by the analysers into gravimetric values 
per unit time.  The CO2 tracer method requires measuring the CO2 concentration in the 
raw exhaust gas at the tailpipe and the diluted sample in the mixing tunnel simultaneously, 
then the ratio of these two values are multiplied by the CVS flow to calculate the exhaust 
gas flow rate.   
 
In addition to bag results, second-by-second emissions data was obtained to know when, 
and how much, exhaust pollutants are emitted in real-time, which can provide some useful 
information about the physical and chemical properties of the engine out gas, as well as 
allowing the determination of the emission conversion performance across the catalyst by 
simultaneous sampling before and after the catalyst.  However, some difficulties arise 
when trying to align the actual magnitude of the pollutant mass measured with the 
magnitude produced by the engine.  In other words, the time taken by the raw pollutant 
sample to travel from the combustion chamber to the analysers, and the analyser response 
delay time need to be accurately measured.  The process of matching the instantaneous 
emissions measurement has been widely studied and resolved by Bannister et al. [ 108]. 
 
The PM and smoke was measured by the use of two separate methods.  The AVL 439 
opacity meter draws a sample from the exhaust stream for analysis (see Figure  3.2).  The 
opacity measurements were only taken at 25°C and 10°C as the specified operational 
temperature range of the device is above 5°C.  The second method measures the mass of 
PM in the exhaust by taking a sample from the exhaust and passing it through a paper 




filter.  The Horiba tapered element oscillating microbalance (TEOM) weighs the filtered 
carbon particles and reports it at the end of each test.   
 
3.2.4.2 Fuel Consumption Measurement 
The fuel consumption (FC) was measured by several methods in this experimental study.  
The carbon balance method uses emissions data (when the ratio of carbon to hydrogen 
(C:H) and carbon to oxygen (C:O) within the fuel is known) which allows the calculation 
of fuel consumption.  In addition, a gravimetric weighing device (AVL 733S), Pierburg 
flow meter measurement, and ECU data is also used to measure fuel consumption.   
 
 
Figure  3.3, Fuel system layout 
 
A schematic of the fuel feeding system used in this study is shown Figure  3.3.  The fuel 
consumption is measured by weighing the ‘beaker’ within the AVL733 gravimetric fuel 
system, also as the fuel passes through the AVL PLU116H volumetric flow meter and into 
the engine.  The system is equipped with a large air cooled radiator, to cool the return fuel 
back to the ambient cell temperature before feeding it back to the engine.  The cooling of 
the hot return fuel from the engine ensured a consistent and repeatable fuel temperature 
was supplied to the engine throughout the drive cycle.  When the testing of each blend 
batch was completed, the fuel system was totally drained and the next batch used to fill the 
system.  In this change over, the vehicle was driven for more than 40 miles to ensure that 
the new fuel blend has passed through the entire system.  The complete fuel system shown 
in Figure  3.3 was contained within the chassis dynamometer facility cell and therefore 
held and ‘soaked’ at the same ambient test temperature as the vehicle. 





3.3 Experimental Program 
3.3.1 NEDC 
The European drive cycle was developed by the United Nations Economic Commission 
for Europe (ECE).  The basic ECE cycle is an urban driving cycle, also known as the 
(Urban Drive Cycle).  It was devised to represent city driving conditions and is 
characterized by low vehicle speed, low engine load, and low exhaust gas temperature.  In 
order to account for more aggressive, high speed driving modes, an additional segment 
was added to the ECE cycle called the Extra Urban Driving Cycle (EUDC).  The 
maximum speed of the EUDC cycle reaches up to 120 km/h.  The combined 
(ECE+EUDC) is called the New European Drive Cycle (NEDC), it consists of four 
segments of ECE which takes 780 seconds and one segment of EUDC which takes 400 
seconds, see Figure  3.4.  
 
 
Figure  3.4, New European drive cycle (NEDC) 
 
In order to investigate the effect of biodiesel fuel on a standard diesel vehicle and compare 
the results to a reference diesel fuel, the vehicle was tested over the NEDC.  The NEDC 
was followed by a coast down cycle to ensure that the dynamometer settings and vehicle 
power train have not changed from test to test.  In the coast down cycle, the dynamometer 




drives the vehicle up to 120 kph while the engine is switched off and the gear box is in 
neutral.  Then the vehicle is left to coast down from 120 kph to 20 kph and the time is 
recorded and compared to previous results. 
 
3.3.2 Bath Full Load Cycle 
A method developed at the University of Bath was used to investigate the effect of 
increasing biodiesel blends and changes in ambient temperature on vehicle’s performance 
under 100% pedal (full load) engine conditions.  Any potential loss in engine power will 
be clearly highlighted, since the driver will not be able to compensate for any loss in 
engine power by an increase in pedal position.  Figure  3.5 shows the proposed full load 
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Figure  3.5, Full Load Method 
 
1. The dynamometer rollers drive the vehicle at three different speeds, 30, 50, and 80 
kilometres per hour in 3
rd
 gear which corresponds to engine speeds of 1450, 2420, 
and 3870 RPM respectively.  This provides data points at maximum engine torque 
at low, medium, and high engine speeds. 
2. At each speed, 5 repetitions of 100% accelerator pedal steps are applied by the 
driver for 10 seconds.  The vehicle and engine speed will rise slightly initially 




before the dynamometer control can compensate and return the vehicle to the 
original speed regardless of the torque applied by the vehicle tyres. 
3. The input force applied by the chassis dynamometer motors to bring the speed 
back to the set point can be directly recorded (this could be termed as maximum 
tractive force).  The maximum tractive force was expected to vary according to the 
fuel blend used and ambient temperature. 
4. Maximum tractive forces were averaged over five repeats only using data when the 
vehicle speed falls within ±1kph of the set point.   
 
This high load test cycle was performed following a cold NEDC test each day according 
to the experimental plan.  To ensure repeatability of test conditions, a conditioning cycle 
was performed after completing both testing cycles.  This cycle also helped purged the 
catalyst of particulates left from previous tests.  The design of experiments (DoE) 
approach was adopted as the experimental procedure since it provides a systematic method 
of vehicle testing as well as determining the significance and interactions of selected 
factors. 
 
3.4 Design of Experiments (DoE) 
DoE is an organized method to determine the relationship between the different factors 
affecting a process and the output of that process, which can produce more precise 
information in fewer experimental procedures [ 109].  With the rapidly increasing costs of 
laboratory experimental procedures, reducing their numbers without sacrificing the result 
quality becomes a very essential factor for all research organizations [ 110].  DoE is 
considered an efficient procedure for planning experiments so that the data obtained can 
be analyzed to yield valid and objective conclusions, and it is a multipurpose tool that can 
help in many experimental situations, and it is mostly used for two main objectives, first is 
to identify the important factors that has the most influential effect (Screening), second is 
to understand in more detail how the selected factors influence the response 
(Optimization) [ 109, and  110]. 
 




In this project, the screening method was used to determine if the blend ratio or the cell 
temperature was the most influential factor affecting the vehicle emissions.  With the 
benefits of using a DoE approach, the experimental procedure was designed to ensure 
repeatability and consistent vehicle, fuel, and catalyst condition before each test, the 
designed test plan is presented in Table  3.4.   
 
Test Number Blend Ratio (B %) Cell Temperature (°C) 
1 0 25 
2 0 25 
3 0 10 
4 0 -5 
5 0 -5 
6 5 25 
7 5 25 
8 5 10 
9 5 10 
10 5 -5 
11 5 -5 
12 10 25 
13 10 10 
14 10 10 
15 10 -5 
16 20 25 
17 20 25 
18 20 10 
19 20 -5 
20 20 -5 
21 30 25 
22 30 10 
23 30 10 
24 30 -5 
25 50 25 
26 50 25 
27 50 10 
28 50 -5 
29 50 -5 
30 0 25 
31 0 10 
32 0 10 
33 0 -5 
34 0 -5 
Table  3.4, Vehicle Test Plan 
 
The experimental matrix was designed using the Mathworks model based calibration 
(MBC) toolbox.  A D-optimal quadratic design-of-experiments approach was adopted in 
order to minimize the number of test conditions while achieving good coverage of the 




design space, as well as providing a detailed knowledge about the most influential factors 
affecting vehicle’s emission, fuel consumption, and performance when biodiesel fuel is 
used.  The baseline diesel fuel (B0) is repeated at the end of the experimental programme 
to ensure that there had been no gradual drift in the results over time.   
 
In the next section, the effect of different RME fuel blends on the fuel consumption, 
engine-out emissions, tailpipe emissions, and catalyst conversion efficiency of a standard 
diesel vehicle will be discussed and compared to the results from the reference diesel fuel.  
The significance of any interactions between the blend ratio and ambient temperature over 
the New European Drive Cycle (NEDC) will be identified by plotting the response surface 
models (RSM) of the DoE.  Finally, the variation in vehicle torque, when a production 
vehicle, with unmodified engine calibration, was run on various biodiesel blends over 
university of Bath full load cycle is presented. 
 
3.5 NEDC Results 
In this section, the emissions results over the NEDC cycle are presented and discussed in 
terms of each emission species and fuel consumption.  In this analysis, the results from 
bag measurements will be used for comparison despite the continuous emissions 
measurements also being recorded.  Only the average result graphs will be presented with 
error bars of ±2 standard deviation (±2 SD), representing a 95% confidence interval.  The 
Student T test was used for the comparison of means of the two fuels baseline diesel and 
B50, to establish if the findings were statistically significant (the T results for all presented 
emission species and fuel consumption data are presented in Appendix C). 
 
3.5.1 NEDC CO Emissions 
The average tailpipe ‘Bag’ CO emission results over NEDC at three different cell 
temperatures are presented in Figure  3.6.  Unlike most of the published literature, the 
tailpipe CO emissions showed an increasing trend as the percentage of biodiesel increased 
in the fuel.  The highest amounts of CO emissions were produced during the -5°C ambient 
temperature which is probably due to the fact that at very cold temperatures, the air 




density is very high and higher amounts of fuel will be required to make up a combustible 
mixture.  Consequently, leads to poor combustion quality which will produce higher 
concentrations of CO in the exhaust.  On the other hand, at lower ambient temperatures, 
the biodiesel fuel viscosity will increase which will lead to poor atomization and mixing 
quality thus cause local oxygen deficiency and incomplete combustion.  The lowest CO 
emissions were produced during the 10°C ambient temperatures and it clearly shows the 
ambient temperature effect on the CO emissions.  Further investigation is required to 
explain why the CO emissions produced during the 25°C ambient temperatures were 
higher than the 10°C ambient temperature experiments.  This will be considered again in 
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Figure  3.6, The impact of the biodiesel blend ratio and ambient temperature on the NEDC tailpipe 
bag CO emissions 
 
The percentage increase in CO emissions for B50 fuel blend is about 30% at 25°C 
compared to baseline diesel fuel.  Similarly, the increase in CO emissions for both 10° and 
-5°C experiments were about 20%, and 15% respectively with a greater than 95% 
confidence that the means of the baseline diesel and B50 data are statistically different at 
25°C and 10°C and 90% confidence at -5°C.  This is an unexpected result since 
oxygenated fuels are more likely to lead to complete combustion and a reduction in CO, 




HC, and PM emissions.  Even though the experiments at -5°C produced the highest 
amount of CO, the percentage increase as the biodiesel blend increases is the lowest. 
 
At -5°C the spray atomization of the fuel will be much worse than at higher temperatures, 
due to higher kinematic viscosity, incomplete combustion of the fuel is more likely to 
occur causing higher CO emissions to form.  On the other hand, to explain the general 
increasing trend of CO emissions with the addition of biodiesel in the fuel, a close look at 
the fuel specification is required.  The CN of the RME is slightly lower than the baseline 
diesel (see Table  3.2), which may slightly affect the start of combustion as the 
concentration of RME in the fuel increases.  The second possible reason can be related to 
the high concentration of unsaturated fatty acid composition of the RME fuel (see Table 
 3.3).  The un-saturation levels will significantly affect the kinematic viscosity of the RME 
especially at low temperatures, and could cause poor atomization of the fuel in the 
combustion chamber.  Poor atomization of the fuel can create more fuel rich zones in the 
cylinder leading to more incomplete combustion.  Also, poor atomization could cause a 
rise in mean droplet diameter of the injected fuel (as discussed in the literature review), or 
an effective retardation of the injection timing by means of longer injection durations.  
This situation is caused by larger percentage pedal position from the driver necessary to 
compensate for lower calorific values of the biodiesel blended fuels and to achieve the 
required torque levels.  The justifications related to the fuel specification might not be the 
main reasons for having higher tailpipe CO emissions with increasing biodiesel ratio in the 
fuel.  Further investigations related to fuel combustion and engine strategies are required 
in order to explain this result. 
 
The continuous second by second analyses of the CO emissions from the raw exhaust 
(pre-catalyst) was also investigated.  A clear trend could not be seen from the pre-catalyst 
data, see Figure  3.7, but the pre-catalyst emissions show a slight decrease with increasing 
blend ratio although this decrease was not deemed to be statistically significant when 
analysed using a t test.  The amount of CO emissions produced by the engine in both 25°C 
and 10°C ambient temperatures are very similar with all fuel blends, but the difference in 
the tailpipe emissions was very clear. 
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Figure  3.7, The impact of the biodiesel blend ratio and ambient temperature on the NEDC pre-
catalyst CO emissions 
 
To analyse the difference in pre-catalyst and tailpipe CO emissions, the average oxidation 
catalyst conversion efficiency needs to be investigated.  This investigation will be 
discussed in the catalyst performance section  3.5.6. 
 
3.5.2 NEDC THC Emissions 
Figure  3.8 shows the THC emissions over the NEDC cycle for all different biodiesel fuel 
blends at all three ambient temperatures.  As with tailpipe CO, HC emissions do not show 
a large reduction with increasing blend ratio and, on the contrary, at an ambient 
temperature of 25°C a slight increase is observed.  The t test results, however, suggest that 
there is no statistically significant change in tailpipe THC emissions between baseline 
diesel and B50 fuel blend.  The lowest THC emissions were recorded during the 25°C 
experiments and the highest during the -5°C.  This statistically insignificant change might 
be due to the very low THC emissions of diesel engines, close to the lower detection limit 
of the analyser detectors. 
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Figure  3.8, The impact of the biodiesel blend ratio and ambient temperature on the NEDC tailpipe 
THC emissions 
 
Combustion pressure and heat release profiles would be very helpful to investigate the 
actual combustion difference with the use of biodiesel fuel blends in the vehicle, which 
unfortunately is not available.  The pre-catalyst THC emissions were also investigated in 
Figure  3.9, as in the case of CO emissions, pre-catalyst THC emissions did not exhibit the 
same upward trend with increasing blend ratio seen at the tailpipe and, instead, a reduction 
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Figure  3.9, The impact of the biodiesel blend ratio and ambient temperature on the NEDC pre-
catalyst THC emissions 




The lower blends of biodiesel (B5 and B10) did not show significant change in engine out 
THC emissions at all ambient temperatures.  However with higher blends, a reduction 
ranging from 20 to 25% in cycle THC mass was observed regardless of ambient 
temperature with a confidence level greater than 95%.  The reduction in engine out THC 
emissions with increasing blend ratio was not reflected in the tailpipe emissions as seen in 
Figure  3.8.  Again these observations will require more investigations into the catalyst 
performance which will be discussed in section  3.5.6.   
 
3.5.3 NEDC NOX Emissions 
The tailpipe NOX emissions for all fuel blends and ambient temperatures are plotted 
Figure  3.10.  A slight increase in the NOX emissions as the portion of biodiesel increases 
in the fuel blend is observed, and this generally agrees with most of the published 
literature.  Also as the cell ambient temperature increases the amount of NOX emissions 
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Figure  3.10, The impact of the biodiesel blend ratio and ambient temperature on the NEDC tailpipe 
bag NOX emissions 
 
The percentage increase in NOX emissions compared to baseline diesel fuel is about 4% 
for B50 fuel at 25°C and 10°C ambient temperatures.  At the -5°C ambient temperatures 




the B50 fuel blend produced only 2% more NOX compared to baseline diesel fuel, and 
statistical analysis confirmed 95% confidence in the increase in NOX emissions at 25°C 
and 10°C between baseline diesel and B50; however, the increase at -5°C was not found to 
be significant.  These results confirm that the NOX formation is highly dependent on the 
in-cylinder temperature, and the ambient temperature is found to be more significant than 
increasing blend ratio.  Furthermore, no significant change in NOX emissions were 
observed with the low biodiesel blends (B5 and B10) during all ambient conditions.  The 
main reason for higher NOX emissions with biodiesel fuels is the higher oxygen content in 
the biodiesel fuel which increases the like hood of NOX formation.  Another explanation 
cited in the literature, is the lower heat transfer by the soot emitted from the use of 
biodiesel could lead to higher flame temperatures and more NOX production during 
combustion.  The percentage increase in NOX emissions observed in this trial agrees with 
most of the published literature. 
 
The engine out NOX emissions showed very similar values and trends to the tailpipe ‘bag’ 
results (see Figure  3.11) since very little conversion by the diesel oxidation catalyst is 
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Figure  3.11, The impact of the biodiesel blend ratio and ambient temperature on the NEDC pre-
catalyst NOX emissions 
 




A linear increase with increasing blend ratio (4.7% at 25°C and 10°C, with the t test 
confirming 95% confidence) was observed, but the impact becomes less significant at an 
ambient temperature of 25°C (0.5%, not deemed to be statistically significant).  These 
percentage changes in NOX emissions mirror those seen at the tailpipe as the catalyst is 
not designed for NOx conversion and instead relies on passive NOX reduction and, as 
such, only small conversion efficiencies are observed. 
 
3.5.4 NEDC PM Emissions 
PM emissions were measured in this trial by two methods, gravimetrically by sampling a 
portion of tailpipe exhaust (TEOM) and by measuring the smoke opacity of the exhaust 
gas.  It is generally reported in the literature that, as the percentage of biodiesel increases 
in the fuel, the amount of PM emissions decreases.  This is because biodiesel contains 
more oxygen, which will allow faster and more complete combustion compared to fossil 
diesel fuel.  Also, it does not contain any aromatics and Sulphur, which will reduce the 
production of Polycyclic Aromatic compounds. 
 
Figure  3.12 describes the trend of tailpipe PM emissions measured using the TEOM.  It is 
known that TEOM measurements are susceptible to moisture, leading to errors in the 
obtained results, and this is immediately noticeable by the larger scatter (and error bars) 
than were observed for other emissions species.  A general downward trend is apparent at 
ambient temperatures of 25°C (16.5% reduction) and 10°C (3.3% reduction) for the B50 
biodiesel blend compared to baseline diesel while a trend reversal occurs at -5°C, resulting 
in an increase in particulate mass (6.5% increase).  A t test confirms 95% confidence in 
the reduction in PM at 25°C, but the changes at 10°C and -5°C were not found to be 
statistically significant.   
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Figure  3.12, The impact of the biodiesel blend ratio and ambient temperature on the NEDC tailpipe 
PM emissions 
 
The smoke opacity readings were integrated on a second-by-second basis in order to 
quantify any changes in smoke emissions.  The accumulated smoke opacity with different 
RME blends are presented in Figure  3.13 and a general trend of smoke reduction can be 











0 5 10 15 20 25 30 35 40 45 50

























Figure  3.13, The impact of the biodiesel blend ratio and ambient temperature on the NEDC tailpipe 
opacity 





The B50 fuel blend reduced the smoke opacity by 45% and 36% in the 25°C and 10°C 
ambient temperature experiments respectively.  Unfortunately, the smoke opacity could 
not be measured during the -5°C ambient conditions due to equipment limitations. 
 
The increase in PM emissions at the low ambient temperature and higher biodiesel 
concentrations are probably a result of the cold flow properties of biodiesel.  The effect of 
higher viscosity and reduced atomization of biodiesel could be distinguished during these 
high concentration and low temperature experiments.  At these conditions, even the higher 
oxygen content of biodiesel fuel could not overcome the reverse effects of cold flow 
properties.  This observation needs to be further investigated and further experiments are 
required to have more confidence in these results since no published work could be cited 
which examined very low experimental ambient temperatures.   
 
3.5.5 Engine Strategy Investigations  
To closely visualise the combustion process, the cylinder pressure and heat release profiles 
are required.  However, further information can be drawn by looking at the engine map 
transition for both baseline diesel and B50 fuels (see Figure  3.14).  The plot shows clearly 
that the engine is warming up slightly faster in the case of B50 fuel blend compared to the 











































Figure  3.14, Impact of B50 biodiesel on Engine Map Transition (NEDC 25°C ambient Temperature) 





The quicker engine warm up is probably due to slightly retarded combustion caused by 
reduced atomization and slightly lower CN of the RME.  In addition there was likely to be 
increased combustion duration as the portion of biodiesel increases in the fuel due to a 
larger volume of fuel needing to be injected to compensate for the reduced energy content.   
The retarded combustion could not be caused by a change in injection timing delay 
resulting from higher kinematic viscosity of RME, since the vehicle is equipped with a 
common rail fuel injection system.  However, with higher fuel viscosity, longer injection 
duration is required to deliver the higher demanded mass of fuel.  Figure  3.15 
demonstrates the effect of B50 biodiesel on integrated pedal position (as with smoke 





































Figure  3.15, Impact of B50 Effect RME on Cumulative Pedal Position (NEDC 25°C ambient 
Temperature) 
 
The increase in the accumulative pedal position with B50 blend is an indication of longer 
duration of fuel injection.  With B50 fuel blend, a 5.5% increase in pedal position was 
required compared to baseline diesel fuel in order to inject the required amount of fuel.   
 
The expected slightly retarded combustion and increased injection duration could lead to 
an increase in the emissions of HC and CO, since it reduces the time available for 
completing the combustion.  This explanation can also be used to explain the earlier 
discussion about the unexpected increase in CO emissions with increasing RME in the 




fuel.  This increase in injection duration might be the reason behind the quicker map 
transition with B50 biodiesel fuel blend in figure 4.15.  The timing of both pilot and main 
injections was also investigated, but it was difficult to see any change or trend when 
biodiesel fuel was introduced, due to transient nature of the drive cycle.   
 
On the other hand, the effect of varying only the ambient temperature on the engine map 
transition is investigated; Figure  3.16 shows the impact of ambient temperature on engine 
map transition for baseline diesel fuel.  During both 10°C and -5°C ambient temperatures 
the engine started in the COLD map strategy but at 25°C the engine started in the WARM 
map.  The largest portion of the cycle time is spent in the HOT map for the 10°C ambient 
temperatures, while at the 25°C conditions the majority was in the VERY_HOT map.  
Cold-start strategies incorporating temperature-dependent engine maps dictate injection 
timings (pilot and main injection) as well as EGR rates and, as a result, increasing ambient 
temperature does not necessarily lead to a reduction in CO emissions.  This may explain 
why, during this study, the engine calibration resulted in the lowest measured CO mass 

















































25 °C 10 °C -5 °C
 
Figure  3.16, Impact of Ambient Temperature on Engine ECU Map Transition 
 




3.5.6 Catalyst Performance Investigations 
3.5.6.1 Catalyst Conversion Efficiency 
The oxidation catalyst used with diesel engines can achieve a significant reduction of CO 
and HC emissions but the pure oxidizing environment of the exhaust gas suppresses the 
possibility of efficient NOX removal [ 133].  However, limited NOX conversion efficiency 
can be achieved within a narrow catalyst temperature range dependant on the availability 
of sufficient HC concentrations in the exhaust gas to act as a reducing agent (often defined 
in terms of the HC/NOX ratio) in a process called passive de-NOX [ 134- 136].  The 
principle of passive de-NOX is based on NOX reacting with HCs on the catalyst surface 
instead of oxygen in locally rich regions, and this mutual annihilation offers removal of 
these two emission components [ 137]. 
 
By comparison of continuous pre-catalyst and tailpipe emissions concentrations, the 
instantaneous catalyst conversion efficiency was calculated and compared for different 
blend ratios and ambient temperatures over the complete NEDC.  The NEDC catalyst 
conversion for CO emissions of all blend ratios and ambient temperatures are presented in 
Figure  3.17, where a general decreasing trend as percentage of biodiesel increases in the 
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Figure  3.17, NEDC CO Catalyst Conversion Efficiency 





When comparing the baseline diesel and B50 fuel blends, the average CO conversion 
efficiency dropped by 14%, 10%, and 18% at 25°C, 10°C, and -5°C ambient temperatures 
respectively.  The highest conversion efficiency was recorded during the 10°C ambient 
temperature experiments.  This explains the lower tailpipe CO emissions from the 10°C 
ambient temperatures even though the engine out CO emissions was similar to those of the 
25°C ambient temperatures (see Figure  3.7).  To further investigate the reason for having 
higher CO conversion efficiency during the 10°C ambient experiments, engine strategy 
transition with varying ambient temperatures was investigated.   
 
During all 25°C ambient temperature experiments, the engine transits to the very hot 
strategy slightly quicker than the 10°C experiments.  The very hot strategy adjusts the 
engine calibration towards lower NOX emissions by retarding the injection and increasing 
EGR rate, which could lead to an increase in the CO emissions.  Also, quicker transition 
when the catalyst is not hot enough, might lead to a higher percentage of CO break 
through in the case of the 25°C ambient temperature tests.  A relatively cold catalyst will 
not oxidize engine out emissions efficiency, and so CO, THC, and NOX to some extent 
will all be emitted from the exhaust pipe in significant amounts and cause the well known 
(cold start) problem.   
 
Similarly Figure  3.18 shows decreases in NEDC THC catalyst conversion efficiency of 
10%, 9%, and 18% at 25°C, 10°C, and -5°C respectively.  NOX conversion efficiency did 
not show and changes or trends with different fuel blends and ambient temperatures.  The 
average NOX Conversion efficiency ranged between 10-12% in this experimental 
procedure.  The results obtained from this study indicate that the average catalyst 
performance efficiency dropped as the percentage of biodiesel increases in the fuel and as 
the ambient temperature reduces.  These values represent the average conversion 
efficiency over the entire drive cycle.  Further break down of the CO conversion 
efficiency relative to cycle time was investigated for baseline diesel and B50 fuels at 25°C 
ambient conditions.   
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Figure  3.18, NEDC THC Catalyst Conversion Efficiency 
 
Figure  3.19 shows histograms describing the proportion of cycle time spent at different 
CO conversion efficiencies for baseline diesel and B50 at 25°C.  The use of B50 biodiesel 
reduced the proportion of the drive cycle where the catalyst was operating at greater than 
50% efficiency compared with baseline diesel, however its proportion of time where the 
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Figure  3.19, Catalyst CO conversion efficiency relative to cycle time 
 




The distribution for both fuel types is biased towards the extremes of catalyst performance 
with the catalyst either almost fully converting and converting more than 75% of engine-
out emissions or the catalyst is too cold to achieve any significant conversion, converting 
less than 25% of the CO to CO2.  Examination of the second-by-second CO conversion 
data suggested that for increasing biodiesel blends the catalyst achieved high conversion 
later in the drive cycle and periodically the conversion reduces down again during low 
power portions of the cycle.  For baseline diesel the catalyst, once it started to convert, did 
not light down, suggesting that the heat transfer from the exhaust together with the heat 
released in the catalyst was sufficient to allow conversion to continue. 
 
Similar to CO, the THC catalyst conversion efficiency operates for a lower proportion of 
cycle time at high conversion efficiencies for B50 blend compared to baseline diesel fuel.  
However, the distribution for THC shown in Figure  3.20 is significantly different from 
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Figure  3.20, Catalyst THC conversion efficiency relative to cycle time 
 
The THC conversion profile is heavily skewed towards the higher conversion efficiencies 
with relatively little time spent at lower conversion efficiencies.  The diesel oxidation 
catalyst (DOC) is known to have the capability of storing HC emissions on the catalyst 
surface when cold until it is hot enough to evaporate all HCs [ 111].  When B50 is used, 
this trend is less marked, the proportion of time where conversion efficiency was high (50-
100%) is reduced and operating time at lower efficiency (less than 50%) was increased 




compared with baseline diesel.  Further, for baseline diesel, THC conversion was always 
above 25%, and only fell below 50% conversion for 10% of the cycle.  By comparison, 
20% of the cycle had a conversion of less than 50% for B50. 
 
The reduced catalyst performance efficiencies observed for CO and THC could be 
attributed to a change in the exhaust gas component concentrations and speciation, leading 
to a less favourable oxidation environment within the catalyst, or a reduction in the 
catalyst monolith temperature, but further work would be needed to establish the relative 
impact.   
 
3.5.6.2 Exhaust Temperature Investigations 
As discussed in section  3.5.6.1, the average catalyst performance efficiency reduced as the 
percentage of RME increases in the fuel.  The second-by-second pre-catalyst gas 
temperature, for both baseline diesel and B50 biodiesel blend at the 25°C ambient 
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Figure  3.21, The impact of B50 biodiesel on NEDC engine-out exhaust gas temperature at 25°C 
ambient temperature 
 
Figure  3.21 clearly shows that the exhaust gas temperature is always lower when the 
vehicle is running with B50 fuel blend compared to baseline diesel fuel.  The variation in 
exhaust gas temperature marginally increases as the vehicle moves towards the higher load 




portion of the cycle and the difference become even clearer.  This reduction in exhaust 
temperatures is most likely caused by the lower calorific value of biodiesel fuel as 
discussed earlier, and it becomes more significant when higher power is demanded.  The 
impact of all biodiesel blend ratios on the average NEDC pre-catalyst exhaust gas 
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Figure  3.22, The impact of the biodiesel blend ratio on the average NEDC pre-catalyst exhaust gas 
temperature at 25°C ambient temperature 
 
Figure  3.22 shows the variation in the average exhaust gas temperature at the catalyst inlet 
with increasing blend ratio for tests run under 25°C ambient conditions.  It can be seen 
that increasing the blend ratio from 0% to 50% resulted in a 2.3% reduction in the average 
gas temperature.  A reduction in energy available in the exhaust gas (manifesting as lower 
gas temperatures) with increasing blend ratio could account for the extended catalyst light-
off times and reduced catalyst performance observed over the NEDC when using 
biodiesel.  Furthermore, lower exhaust temperatures might have an effect on the 
performance of the variable geometry turbo charger which will be investigated in the full 
load experimental testing. 
 
3.5.6.3 HC Speciation Investigations 
Even though the conversion efficiency of the catalyst is mostly affected by the exhaust gas 
temperature, other factors such as the effect of different hydrocarbon species were 




reported by several authors that might have an impact on the catalyst performance due to 
variations in light-off temperature [ 97,  111- 115].  In this vehicle trial, an attempt to 
investigate the effect of different HC species from RME fuel on the catalyst performance 
will be performed by producing catalyst light-off curves.   
 
The catalyst light-off curve is produced by plotting the continuous conversion efficiency 
of each emission species against catalyst temperature, by doing so any variations in the 
exhaust temperatures will be eliminated.  However the transient nature of NEDC 
introduces a lot of challenges into performing this investigation, therefore only engine 
idling conditions were selected in order to ensure consistent exhaust flow values and gas 
residence times within the catalyst.  Furthermore, the actual catalyst brick temperature 
could not be recorded during this experimental procedure but was approximated by the 
post catalyst temperatures which certainly introduces an additional error in the light-off 
temperature obtained, however this error should be consistent or still allow a comparison 
between blends.  Figure  3.23 shows the CO catalyst light-off curves for both baseline 














250 275 300 325 350 375 400 425 450 475 500 525 550























Figure  3.23, NEDC CO Light-off curve 
 




A sigmoid function is used to fit the best curve, it can be seen that the rise in conversion 
for B50 fuel is delayed compared to baseline diesel, and the curve shift implies that the 
catalyst is influenced by different HC species.  50% CO conversion efficiency is reached 
at a temperature of about 380°K and 390°K for baseline diesel and B50 fuels respectively.  
In other words, at the same temperature, baseline diesel and B50 fuels will have different 
conversion rates when the gas temperature is between 373°K and 423°K (between 100°C 
and 150°C).  This increase in catalyst light-off temperature with B50 biodiesel might 
explain the overall lower emission conversion efficiency when biodiesel fuel blends were 
used in the vehicle; however it requires more detailed and accurate investigations in order 
to draw solid conclusions. 
 
3.5.7 Fuel Consumption (FC) 
The AVL733 gravimetric fuel consumption results are presented, as these results were the 
most accurate with the lowest error range compared to other methods.  Figure  3.24 
demonstrates the impact of the blend ratio and ambient temperature on the total mass of 
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Figure  3.24, The impact of biodiesel blend ratio and ambient temperature on the NEDC fuel 
consumption using AVL733 
 




The fuel consumption results were consistent at all temperatures and increased as the 
percentage of biodiesel was increasing in the fuel blend.  The FC was measured by several 
methods in this experimental study, but the AVL733 gravimetric fuel consumption results 
were used in the discussion as it produced the most accurate results.  The percentage 
increase in FC recorded with all measuring methods for all biodiesel blend ratios 
compared to baseline diesel fuel is presented in Table  3.5.   
 
FC Measuring Method RME Blend Ratio (%) 
 5 10 20 30 50 
 Percentage Increase During 25°C Ambient Temperature 
AVL733   1.3 1.2 3.1 6.4 8.7 
ECU Data 0.7 0.0 2.3 4.0 5.9 
Pierburg Flow meter  1.5 -0.3 3.9 5.0 5.8 
Carbon Balance (Bag) 1.1 3.7 3.8 6.0 7.9 
  Percentage Increase During 10°C Ambient Temperature 
AVL733   0.8 0.1 2.7 4.0 7.0 
ECU Data 0.9 -0.5 2.8 3.3 3.2 
Pierburg Flow meter  1.5 1.2 3.3 2.1 3.3 
Carbon Balance (Bag) 2.8 3.5 3.8 5.8 7.4 
  Percentage Increase During -5°C Ambient Temperature 
AVL733   0.3 0.0 0.8 3.5 6.5 
ECU Data -0.8 -0.4 1.6 3.3 4.0 
Pierburg Flow meter  -0.8 -1.2 -2.0 -0.2 3.3 
Carbon Balance (Bag) 2.5 3.2 2.3 5.7 7.3 
Table  3.5, Percentage increase in FC compared to baseline diesel fuel during NEDC 
 
The low biodiesel fuel blends, B5 and B10, showed a negligible 1% increase in FC 
compared to the baseline diesel fuel in all ambient temperatures.  The percentage increase 
in FC was within 1-3% for B20, and 3-7% for B30 fuel blends.  It can be seen that the use 
of B50 fuel resulted in about 6%, 7%, and 9% increases in fuel consumption at -5°C, 
10°C, and 25°C respectively (a t test confirmed 95% confidence that the differences were 
statistically significant).  These increases in fuel consumption were substantially higher 
than would be expected on the basis of the calorific value of the fuels alone.  The net 
calorific value of B100 used in this study is approximately 6% lower than the baseline 
diesel fuel (see Table  3.2).  Therefore, only 3% reduction in calorific value is expected 
from the B50 fuel blend, other factors such as the physical properties of the biodiesel fuel 
accounting for the additional FC penalty.  Poor atomization of the biodiesel fuel and larger 
Sauter mean diameter (SMD) due higher kinematic viscosity could lead to lower 




combustion efficiency.  This result generally agrees with most of the published literature 
about a slight increase in FC with the use of biodiesel fuel due to its lower calorific value, 
and improvements in fuel consumption could potentially be made via the optimization of 
the engine calibration as it will discussed during the full-load tests. 
 
Next, the presence and significance of the interactions with different blend ratios and 
ambient temperatures from total NEDC cycle results were investigated, which is the 
second objective of this work. 
 
3.5.8 NEDC Surface Response Model 
In this section the significance of any interactions between the blend ratio and ambient 
temperature over the New European Drive Cycle (NEDC) will be identified by plotting a 
response surface model (RSM) of the DoE.  The response models are based on the effect 
of biodiesel on tailpipe (bag) emissions and thus environmental impact.  Figure  3.25 
shows a response surface for CO in relation to ambient temperature and blend ratio 
derived from the experimental data. 
 
 
Figure  3.25, NEDC CO response 
 




It can be seen that temperature is clearly the most dominant factor with cold start 
strategies, incorporating temperature dependant engine maps, impacting on measured CO 
mass emission over the drive cycle.  Contrary to some other studies, CO was found to 
increase by more than 25% at 25°C with B50 fuel compared to baseline diesel.  The higher 
adiabatic flame temperatures and the higher oxygen content present within methyl esters 
would be more likely to lead to complete oxidation of the fuel in the combustion process.  
The percentage increase in CO with blend ratio is similar across the temperature range 
with no significant compounded interaction between the inputs.  Regardless of blend ratio, 
CO emissions were found to be lowest at an ambient temperature of 10°C. 
 
Figure  3.26 shows the response surface for NEDC HC emissions.  As with CO emissions, 
ambient temperature was found to be the most significant factor with blend ratio having 
minimal effect on total cycle HC emissions.  At an ambient temperature of 25°C, there is a 
slight downward trend in HC with increasing blend ratio, however no significant impact is 
observed at 10 or -5°C.   
 
 
Figure  3.26, NEDC HC Response 
 
Figure  3.27 shows the impact of temperature and blend ratio on NEDC cycle NOX 
emissions.  As observed in other studies, NOX generally increases with increasing blend 




ratio however; at low ambient temperatures this increase is very modest.  The recorded 
increase in NOX emissions with B50 is 5.5% at 25°C, and 1.2% at -5°C which is not 
statistically significant.  The trend is far more pronounced at temperatures of 10 and 25°C, 
probably due to higher maximum cylinder temperatures under these ambient conditions. 
 
 
Figure  3.27, NEDC NOX Response 
 
The response surface for gravimetric particulate emissions (measure by TEOM) over 
NEDC is plotted in Figure  3.28.  Unlike with some of the other emissions species 
responses, PM has a strong interaction between blend ratio and ambient temperature.  
Regardless of blend ratio, a decrease in ambient temperature leads to a large increase in 
particulates over NEDC cycle.  However, this trend is most significant at higher biodiesel 
blend ratios.   
 





Figure  3.28, NEDC PM Response 
 
At an ambient temperature of 25°C it can be seen that increasing the blend ratio leads to a 
decrease in PM emissions by 30%, however at 10° C blend ratio is observed to have very 
little effect and at -5°C the trend is reversed with an increase in blend ratio up to B50 
resulted in a 3.5% increase in particulate emissions compared to baseline diesel fuel.  
Many factors affect the generation of PM within the combustion chamber such as fuel 
droplet size and degree of mixing between the injected fuel and the available air.  Within 
common rail fuel injection systems the fuel is injected at very high pressure causing good 
atomization, and thus smaller droplet size and effective in-cylinder mixing.  However, 
biodiesel has higher kinematic viscosity than conventional diesel fuel and it increases as 
the ambient temperature drops.  At 25°C the additional oxygen contained within the 
biodiesel leads to more complete combustion of the fuel and reduces particulates with 
increasing blend ratio however, as the ambient temperature decreases this benefit is offset 
against significantly higher fuel viscosity leading to larger fuel droplet size and decreased 
atomization/mixing and increase in PM emissions. 
 
Figure  3.29 shows how fuel consumption varies over the NEDC cycle.  As was expected, 
ambient temperature has a substantial effect on fuel consumption at all blend ratios.   
 





Figure  3.29, NEDC fuel Consumption Response 
 
Also as the blend ratio increases so does the fuel consumption consistent with the lower 
calorific value of the biodiesel compared to conventional petroleum diesel leading the 
driver to demand higher pedal positions and larger fuel quantities in order to achieve the 
required torque.  There appears to be no significant interaction between blend ratio and 
temperature with similar percentage change observed at 25 and -5°C.  The expected fuel 
consumption penalty due to lower calorific value for B50 fuel is 3% compared to baseline 
diesel, however the actual measured increase was 5.1% for B50 suggesting other fuel 
specific factors must contributed to a loss in engine power rather than calorific value 
alone. 
 
In section  3.6, the loss in vehicle power with increasing biodiesel blend ratio and changes 








3.6 Full Load Results 
The developed full load method described in section  3.3.2 was used to investigate the 
effect of biodiesel on vehicle performance at high engine load conditions.  The change in 
tractive force at different engine speeds when the vehicle is fuelled with varying blends of 
biodiesel and baseline diesel is quantified, and a preliminary investigation is conducted in 
order to offer explanations of the observed trends. 
 
3.6.1 Dynamometer Tractive Force 
The calorific value of the biodiesel used in this study is approximately 6% lower and the 
kinematic viscosity is 65% higher than the baseline diesel fuel.  As the blend ratio was 
increased, the energy available per unit volume of fuel decreased; thus, under the full-load 
operating conditions experienced during this cycle, where injection durations are fixed 
(100% pedal), less energy was available per injection event.   
 
The impact of biodiesel blend ratio on the measured dynamometer tractive force at 30 
km/h, 50 km/h, and 80 km/h are given in Figure  3.30, Figure  3.31, and Figure  3.32 
respectively.  As would be expected, an increase in the blend ratio leads to an 
approximately linear reduction in the maximum tractive force at any given vehicle speed 
or temperature, with this trend exaggerated for the higher vehicle speed condition.  At 
each vehicle speed, the absolute value of the tractive force decreases with increasing 
ambient temperature potentially because of an increase in the air and fuel density and 
improved intercooler efficiency at lower temperatures.  Therefore, the 25°C ambient 
temperature trials always have the lowest measured tractive force even though the effect 
of physical properties of RME biodiesel should be less significant at this temperature 
compared to the other colder conditions.  Also, it can be seen that the decreasing trend in 
tractive force during the -5°C ambient temperature tests with increasing blend ratio is 
slightly more pronounced especially 30 and 50 km/h.   
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Figure  3.30, The effect of the biodiesel blend ratio and ambient temperature on the maximum tractive 






0 5 10 15 20 25 30 35 40 45 50





















Figure  3.31, The effect of the biodiesel blend ratio and ambient temperature on the maximum tractive 
Force in third gear at 50 km/h 
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Figure  3.32, The effect of the biodiesel blend ratio and ambient temperature on the maximum tractive 
Force in third gear at 80 km/h 
 
To further analyse the results, the percentage reduction in dynamometer tractive force for 
all biodiesel blends relative to the baseline diesel fuel has been investigated and tabulated 
in Table  3.6.  During the lower vehicle speeds of 30 km/h and 50 km/h, the percentage 
reduction in tractive force shows linear trend with increasing blend ratio and ambient 
temperature relative to baseline diesel fuel; however step change is shown for the 80 km/h 
speeds.   
 
Tractive Force Reduction (%) 
30 kph B0 B5 B10 B20 B30 B50 
25°C 0.0 -1.9 -3.0 -1.9 -3.5 -5.4 
10°C 0.0 -2.2 -1.8 -2.5 -2.8 -4.7 
-5°C 0.0 -0.7 -0.8 -2.4 -3.4 -5.6 
50 kph       
25°C 0.0 -0.7 -1.3 -1.9 -3.0 -4.5 
10°C 0.0 -1.5 -1.3 -2.9 -2.8 -4.7 
-5°C 0.0 0.0 -0.8 -3.1 -3.7 -5.2 
80 kph       
25°C 0.0 -4.0 -3.8 -3.5 -7.3 -10.8 
10°C 0.0 0.1 -1.0 -2.8 -3.4 -6.2 
-5°C 0.0 -2.5 -2.1 -4.6 -3.8 -7.0 
Table  3.6, Reduction in tractive force with biodiesel blends relative to baseline diesel fuel 
 




As the reduction in the vehicle’s tractive force is linear with increasing biodiesel blend 
ratio, the B50 results will be used for further discussion.  Figure  3.33 clearly shows that 
the percentage reduction in tractive force with B50 biodiesel is highest at the 80 km/h 
vehicle speed and similar during both lower speed conditions.  Also, varying the ambient 
temperature becomes far more significant at the 80 km/h vehicle speeds, which requires 
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Figure  3.33, Reduction in Tractive force with B50 Biodiesel blend relative to baseline diesel 
 
Further investigation revealed that the significant temperature dependant reduction in 
tractive force with increasing blend ratio observed at 80 km/h is attributed to a reduction 
in boost pressure (between baseline diesel and B50), and hence similar reductions in mass 
air flow and possibly fuel quantity.  These issues will be further investigated in the next 
section. 
 
3.6.2 Power Drop Investigation 
With the lower calorific value of the B100 RME, it is expected that the B50 fuel will 
produce 3% less power compared to baseline diesel fuel.  However, the drop in vehicle 
tractive force is more than 5% at lower speeds and reached more than 10% during the 
higher vehicle speed conditions and higher ambient temperatures.  This suggests that, 
other than the LHV of biodiesel, some engine related factors are also affecting the overall 




performance of the vehicle and causing larger reductions in tractive force as the load and 
ambient temperature increases. 
 
The boost pressure of the variable geometry turbo-charger (VGT) was investigated for any 
variations with changing engine speed, biodiesel blend, and ambient temperature.  Figure 
 3.34 plots the variations in boost pressure with respect to vehicle speed and ambient 
condition for baseline diesel, and B50 fuels.  The 30 km/h, 50 km/h, and 80 km/h vehicle 
speeds correspond to engine speeds of 1450 RPM, 2420 RPM, and 3870 RPM 
respectively. 
 
Figure  3.34 shows that the actual boost pressure achieved decreased with B50 biodiesel 
despite the fact that identical boost pressures are demanded by the VGT, and the 









































Figure  3.34, Average boost pressure for B50 biodiesel and baseline diesel fuel at different ambient 
temperatures engine speeds 
 
The cause of the reduced boost pressure is unclear but it is speculated that the lower 
exhaust gas temperatures seen with biodiesel fuel could be a significant factor.  The 
reduction in boost pressure with increasing ambient temperatures is probably caused by 




the reduction in air density and consequently lower exhaust pressures which explains their 
lower average tractive force in Figure  3.33.  Furthermore, reduced boost pressures will 
lead to a reduction in the amount of added fuel due to the engine control unit 
compensating for lower air density. This, in turn, explains the lower average tractive force 
as the ambient temperature and RME blend ratio increases.  The effect of different 
ambient temperatures on the boost pressure is more significant during the higher speed 
conditions as is shows by the increased gradient of the line.  The 50 km/h vehicle speed 
shows the highest boost pressure, which is probably because the engine speed of 2420 
RPM is in the better efficiency region of the VGT performance compared to other engine 
speeds.  This might explains the similar percentage reduction in tractive force to the lower 
speed conditions. 
 
In addition to variations in VGT boost pressures, the mass air flow (MAF) is expected to 
vary with changing ambient temperature and fuel blend.  The average MAF values with 
respect to vehicle speed and ambient temperature for all conditions for baseline diesel, and 







































Figure  3.35, Average MAF for B50 biodiesel and baseline diesel fuel at different ambient 
temperatures and engine speeds 





The MAF values increased as the ambient temperature reduced which explains the higher 
boost pressures during the -5°C ambient temperatures.  The average MAF values for the 
biodiesel fuel blend is very similar to the baseline diesel fuel at 30 km/h and 50 km/h 
vehicle speeds.  However during the 80 km/h vehicle speed, the difference in MAF values 
between both fuels becomes more significant which is caused by higher variations in boost 
pressure at this operating condition, see Figure  3.34.   
 
In summary, as well as the lower calorific value of biodiesel fuel, the combustion 
characteristics also had a significant impact on engine performance.  This effect highlights 
the complexity of engine calibration and the unexpected impacts and interactions which 
result from changes in fuel properties, as well as demonstrating the potential need for 
revised engine calibration strategies when using biodiesel. 
 
3.7 Conclusions 
A comprehensive vehicle trial with biodiesel and diesel blends was performed at the 
Chassis Dynamometer facility.  The aim of the work was to investigate the effect of 
biodiesel fuel blends, from a known feedstock, on the emissions and performance of a 
production vehicle, with unmodified engine calibration, when operated with various 
biodiesel blends at different ambient temperatures.  The following conclusions can be 
drawn from this work: 
 
• The engine out (pre-catalyst) CO emissions reduced slightly with increasing 
biodiesel blend ratio at all ambient temperatures and THC emissions were found to 
reduce by 20–25% when then engine was operated on higher RME blends.  Engine 
out NOX emissions were observed to increase by approximately 4% at ambient 
temperatures of 25°C and 10°C but, at -5°C, the blend ratio becomes less 
significant and only a 0.5% increase was recorded.   
• The tailpipe (post-catalyst) emissions of CO were found to increase with 
increasing RME blend ratio at all ambient temperatures, increasing by 15–30% for 




B50 compared to baseline diesel fuel. No significant change was observed for 
tailpipe THC, despite the reductions in pre-catalyst emissions levels. This was 
attributed to the reduction in catalyst conversion efficiency with increasing blend 
ratio. The reduction in the catalyst performance is probably due to the decrease in 
the exhaust gas temperatures and an expected change in exhaust gas THC 
speciation as the blend ratio increases.  
• The engine out exhaust gas temperature was found to be lower when the vehicle 
was running with biodiesel blends compared to baseline diesel fuel, demonstrating 
an inversely proportional relationship with the blend ratio.  The average NEDC 
exhaust gas temperature for B50 reduced by approximately 4°C compared to 
baseline diesel fuel for tests run at 25°C ambient conditions. 
• Tailpipe PM emissions were found to decrease with increasing blend ratio, 
reducing by 16.5% at 25°C and by 3.3% at 10°C when using B50 however, PM 
emissions increased by 6.5% at -5°C possibly because higher fuel viscosity led to 
larger injected droplet diameters and reduced spray atomization. Statistical analysis 
of PM emissions data suggested that variations observed at 10°C and -5°C fell 
within the range of experimental uncertainty,  
• The B50 fuel blend reduced the smoke opacity by 45% and 36% at 25°C and 10°C 
ambient temperatures respectively.   
• The fuel consumption was found to increase with increasing blend ratio at all 
ambient temperatures. B5 and B10 showed very little increase compared to 
baseline diesel, however the percentage increase ranged from 1-3% for B20, 3-7% 
for B30 and from 7-9% for B50 blends.   
• Ambient temperature had the most significant impact on total NEDC emissions 
and fuel consumption, and no significant interactions between blend ratios and 
ambient temperatures with similar percentage change was observed except for the 
PM, which showed a strong interaction between blend ratio and ambient 
temperature. 
• Increasing the blend ratio and ambient temperature decreased the test vehicle’s 
maximum tractive force.  This reduction was in the order of 5% for the B50 blend 
at low vehicle speeds and 6–10% at higher speeds compared to baseline diesel fuel.  




However, it was noted that, under certain engine operating conditions, increasing 
the blend ratio had an impact on turbocharger performance, leading to a reduction 
in the boost pressure and corresponding decreases in the engine power and tractive 
force. 
 
Discussion of this study suggested several additional areas which could be investigated in 
order to shed more light on the observed trends.  The availability of cylinder pressure data 
could have provided substantial information to explain the impact of biodiesel fuel on the 
combustion process caused by fuel property variations which could explain emissions and 
temperature variations.  Actual catalyst brick temperature could be measured to produce 
more accurate catalyst light-off curves in order to investigate HC speciation impact of 
biodiesel fuel on catalyst performance.  Finally, the ability to modify the engine 
calibration could provide insights into the optimal engine calibration strategies when using 
biodiesel.  The time requirements and expense of actual experimental programs promotes 
the use of simulation.  It is unclear however if current simulation tools are capable of 
predicting the effects of biodiesel use on performance and emissions, therefore in the next 
chapter, the sensitivity of Ricardo WAVE software to changes in fuel properties and the 
subsequent effect on the combustion performance is reported. 
 




Chapter 4  Biodiesel Engine Simulation 
 
4.1 Introduction 
Simulating the operation of internal combustion engines has become a key process in 
assessing new enabling technology and benchmarking performance in relation to 
emissions and fuel economy.  Simulation reduces the amount of testing required to assess 
aspects of engine performance and is a critical tool in assisting design engineers to 
safeguard base engine durability as a result of new platform changes. 
 
The aim of this work is to investigate the potential of engine simulation packages such as 
the Ricardo WAVE software package (WAVE Build 8.1) to asses the impact of changes in 
fuel properties, for biodiesel, on simulated combustion performance.  To achieve the aim 
of this study, the following steps were followed: 
 
• Determine the relevant fuel properties which are used in the WAVE 
combustion model and identify the combustion quality factors. 
• Obtain from literature, the required biodiesel fuel properties to be inputted into 
the model.  
• Set up the Ricardo WAVE simulation using a pre-validated Ford 2.0 l engine 
model with engine experimental parameters. 
• Design a DoE plan to asses the sensitivity of the combustion model to changes 
in the fuel properties. 
• Plot the response models and identify the fuel properties that are most 
significant. 
 
4.2 Ricardo WAVE Software 
Ricardo wave software is a 1-D gas dynamics simulation package used worldwide in 
automotive industry, the ability to model diesel combustion processes in a robust and 
reliable manner within WAVE is particularly useful since it characterises most engines 




very well [ 139].  WAVE is capable of analyzing the dynamics of pressure waves, mass 
flows, and energy losses in various components of internal combustion engine flow 
network, and it is provided with a user friendly interface that allows users to build models 
of the entire engine flow system by selecting the appropriate components from a toolbox 
and connecting them by piping elements [ 116].  It has three combustion models as 
standard: “Wiebe”, “Diesel Jet” and “Profile” in addition to an emissions prediction 
model.   
 
WAVE operates by running through three primary programs, pre-processors, solvers, and 
post-processors [ 141].  The pre-processors are programs used to set up the simulation by 
using relevant input values, and then it converts the data into a format suitable for the 
solver, the solvers then analyse the data provided by the pre-processors.  Post processors 
are programs used to view and interpret the results provided by the solvers [ 116].  In the 
next section, the relevant fuel properties which influence the combustion model in Ricardo 
WAVE will be investigated. 
 
4.3 WAVE Model Sensitivity to Fuel Properties 
As discussed in the FAME properties section  2.3 of chapter 2, the chemical and physical 
properties of biodiesel are totally different to baseline diesel fuel.  The length of the 
carbon chain and number of double bonds (un-saturation level) of the fatty acids will vary 
the physical and molecular properties, which will directly affect the overall combustion 
performance of biodiesel and subsequently overall performance and emissions.  In order to 
assess the sensitivity of the Ricardo WAVE diesel engine model to the biodiesel fuel 
properties, several combustion and fuel evaporation factors were selected that were 
expected to be most affected by these properties.   
 
Fuel Evaporation Process 
The droplet mean diameter (DMD) of fuel leaving the injectors is a measure of fuel 
evaporation and atomization.  In fuel combustion applications, Sauter Mean Diameter 
(SMD) became the most common measure in fluid dynamics as a way to estimate the 




average droplet size.  It was originally developed by the German scientist, J. Sauter in the 
late 1920s.  It is defined as the diameter of a sphere that has the same volume, surface area 
ratio as a particle of interest [ 117].  This factor was selected to investigate the sensitivity 
of WAVE’s evaporation models on different fuel properties. 
 
Fuel Combustion Process Quality 
The factors selected to represent the combustion quality are start of combustion (SOC), 
exhaust temperature (Texh), maximum cylinder pressure (Pmax), maximum cylinder 
pressure angle (PmaxA), maximum cylinder temperature (Tmax), and maximum cylinder 
temperature angle (TmaxA).  These are the most common factors generally used in the 
majority of diesel studies to describe a simplified combustion process.  In the next section, 
the required fuel properties are identified with selected values. 
 
4.3.1 Fuel properties 
4.3.1.1 Selecting Fuel Properties 
Several fuel properties are used by WAVE to create custom fuel types in addition to the 
air composition and the ability to select multiple fuels to create a blended fuel mixture.  
These properties are listed in the programmes fuel editor panel (see Figure  4.1). 
 
 
Figure  4.1, Fuel Editor Panel in WAVE Build 





The selected fuel properties that were varied in this study are listed below: 
 
1. The chemical composition of the fuel in terms of Carbon, Hydrogen, Oxygen and 
Nitrogen content 
2. Lower heating value (LHV) 
3. Density 
4. Specific heat 
5. Heat of vaporization 
6. The cetane number 
In addition to a single value entry at the simulation ambient temperature, values for the 
following properties with varying temperature were required: 
7. Specific heat 
8. Vapour pressure 
9. Kinematic Viscosity 
10. Surface tension 
4.3.1.2 Fuel Property Values 
The selection of fuel property values was based on the idea of covering the entire range of 
fuel types by including both the low end and the high end of diesel and biodiesel fuels.  
This scenario was defined to emphasise the sensitivity of the WAVE model to any of the 
selected fuel properties.  Properties of various biofuel types are not as readily available in 
open literature as those of baseline diesel fuels; therefore, a great deal of literature was 
investigated in order to determine a range of properties that covers the vast majority of 
biodiesel types (see section  2.3 of chapter 2). 
 
4.3.1.2.1 Chemical Composition Values 
The selection of the range of values was based on the literature survey conducted in 
chapter 2, such that most of the known diesel and biodiesel fuels chemical composition 
should fall within this range [ 7].  The atomic composition of baseline diesel fuels contains 




a mixture of hydrocarbons depending on the method of production.  Most of the molecules 
in No.2 diesel fuel have between 10 and 22 carbon atoms per molecule and often the 
average molecular composition is used in combustion models.  The average molecular 
composition for No.2 diesel fuels varies between 14-16 carbons, 20-34 hydrogen atoms, 
and zero oxygen atoms [ 121- 123].   
 
In the case of biodiesel fuel, the composition depends on the fatty acid (FA) profile of the 
fuel.  The discrepancies seen in engine performance tests from various researchers are, in 
part, a result of variations in physical properties of different biodiesel fuels [ 7].  The 
chemical composition of biodiesel is far simpler than baseline diesel fuel since it contains 
only five or six different FA, whereas fossil diesel fuel contains variously long 
hydrocarbon chains and aromatic compounds.  The percentage of the different FA in fats 
or vegetable oils varies depending on the feedstock, which will have a direct impact on the 
properties of the fuel.  The chemical and physical properties of the various individual FA, 
as well as the effect of molecular structure will determine the overall properties of 
biodiesel fuel.  The values chosen to represent both the low end and the high end of diesel 
and biodiesel fuels chemical compositions are presented in Table  2.1.   
 
Atoms Lower Higher 
Carbon (C) 12 18 
Hydrogen (H) 20 40 
Oxygen (O) 0 2 
Table  4.1, Chemical composition value range used in the WAVE model [ 118- 127] 
 
4.3.1.2.2 Physical Properties Values 
Similar to the chemical composition, the fuel’s physical property values were selected to 
cover the lowest and the highest possible values of both diesel and biodiesel fuels.  The 
adopted range of values are based on the literature survey, given in section  2.3 of chapter 2 








Property Lower Higher 
LHV (J/kg) 35 45 
Density (kg/m
3
) 800 900 
Specific Heat Capacity (J/kgK) 1500 2200 





Cetane Number 46 60 
Table  4.2, Fuel physical properties value range used in the WAVE model [ 118- 127] 
 
4.3.1.2.3 Temperature Profiles 
Obtaining a single property value at ambient simulation conditions, such as those given in 
Table  4.2 was not particularly challenging compared to obtaining an array of data at 
varying temperatures.  As discussed in the literature review, the properties of all fuel 
types, more specifically biodiesel, vary significantly as the temperature changes.  
Furthermore, the fuel property variation among each biodiesel fuel type is also very 
significant.  These properties are usually required for fuel combustion modelling, but the 
wide range of temperatures required for these properties makes the data difficult to obtain.  
A comprehensive literature survey was conducted in order to obtain data profiles of liquid 
fuel properties, such as, specific heat, vapour pressure, viscosity, and surface tension with 
varying test temperature [ 118- 126,  140- 144].  An average profile was developed to 
represent the lower and higher limit values for diesel and biodiesel fuel properties.   
 
1. Specific Heat Capacity 
It is generally known that the specific heat of biodiesel fuels is higher than baseline diesel 
fuels, and there is a progressive increase in specific heat as the temperature rises [ 143].  
The specific heat capacity profile used in this study with varying temperature is given in 
Figure  4.2, only the first two points of specific heat capacity of biodiesel could be 
obtained from literature [ 144].   The rest of the trend profile was estimated proposing a 
linear increase with temperature.   
 








































Figure  4.2, Specific heat capacity profile used in the WAVE model [ 118- 126, and  140- 144] 
 
2. Vapour Pressure 
The vapour pressure increased with raising temperature and it is generally higher for 
diesel fuels compared to biodiesel [ 124].  Unlike baseline diesel fuel, only four points of 
vapour pressure with varying temperature for biodiesel fuel could be obtained from 
literature [ 120- 124] see Figure  4.3.  The variation in vapour pressure becomes more 
noticeable as the fuel temperature increases above 373 K (100°C) as reported by 
Chakravarthy et al. [ 143], therefore the first two points in the graph corresponding to 
































Figure  4.3, Vapour pressure profile used in the WAVE model [ 118- 126, and  140- 143] 
 
3. Viscosity 
The third fuel property profile required by the WAVE model is viscosity.  Viscosity is a 
measure of internal friction between liquid molecules [ 120].  As discussed in the literature 
review section  2.3 of chapter 2, biodiesel fuels have higher viscosity than baseline diesel.  




Not like other fuel properties, viscosity values of biodiesel fuels with varying temperature 
were reported in several studies [ 120- 126,  140- 144].  Figure  4.4 shows the average 
viscosity profiles of diesel and biodiesel types and clearly shows that variations in fuel 
viscosity is an issue since most of the engine fuelling systems operate within 300-400 K 





























Figure  4.4, Viscosity profile used in the WAVE model [ 120- 126,  140- 144] 
 
4. Surface Tension 
It is generally known that biodiesel fuels have slightly higher surface tension values than 
baseline diesel fuel, and it decreases with increasing temperature [ 124].  The surface 
tension profile used in this study with varying temperature is given in Figure  4.5, similar 
to specific heat capacity only few points could be obtained from literature [ 121- 124, and 
 144- 143].  The rest of profile was fitted with a linear curve that estimates the variation in 
surface tension with temperature.   
 
































Figure  4.5, Surface tension profile used in the WAVE model [ 121- 124, and  144- 143] 
 
4.3.2 Simulation Set Up  
4.3.2.1 Engine Model 
The engine model used for this study represents Ford 2.0 litre, four cylinder compression 
ignition engine.  This engine model had already been experimentally validated with an 
existing Ford PUMA 2.0 litre engine using baseline diesel fuel by the Ford Motor 
Company at the University of Bath.  The only change applied to this model is the removal 
of the variable geometry turbocharger and compressor units in order to simplify the 
simulation and reduce the running time but to compensate, inlet and exhaust conditions 
were set to match experimental data as if the turbocharger was fitted.  To reduce the effect 
of residual gas content and temperature, the exhaust gas recirculation (EGR) ratio was set 
to zero value.  The full engine specifications are listed in Table  4.3. 
 
Specification Value 
Bore x Stroke (mm) 86.0 x 86.0 




Compression Ratio 16.0 
Engine Type Diesel 
Fuel Injection system Common Rail DI 
Clearance Height (mm) 1.0 
Table  4.3, Engine model specification 
 




The procedure to setup the simulation for the purpose of this work was straightforward 
since the model had already been constructed.  The basic model used in this study is 
presented in Figure  4.6.   
 
 
Figure  4.6, Basic Model for 2.0 l PUMA engine supplied by Ford 
 
Figure  4.6 shows a complete engine model in WAVE build which consists of a series of 
icons which represent engine components.  These icons are linked together by a series of 
ducts and junctions which represent sections of the intake and exhaust manifolds, and all 
specifications and physical properties are entered directly into the modules.  The middle 
part of the model indicates the four cylinders and fuel injectors attached.  The left side 
icons show the ambient air and the air intake system through the intake manifold.  Exhaust 
gas is pumped into the exhaust ducts and combined in the exhaust manifold as shown on 
the right side of the cylinders.   
 




The objective of this work was to asses the sensitivity of the Ricardo WAVE software 
package to changes in fuel properties, so steady state engine conditions were selected at 
two different engine speeds and loads.  The first simulation condition was set at 2000 
RPM engine speed and 147.5 Nm load, which represents a low-mid engine speed with 
medium load conditions.  The second condition of 3000 RPM and 230 Nm represents a 
mid-high engine speed and high engine load condition.  The next step was to create the 
fuel files for the different fuels under investigation to be inputted into the WAVE model. 
 
4.3.2.2 Creating Fuel Files 
The fuel properties obtained earlier in section 4.3.1 were inputted into the WAVE model 
by creating custom fuel files.  The first step of creating the fuel files was to specify the 
ambient air composition in the “fuel and air properties” panel [ 117].  Then the custom 
created fuel files for each fuel under investigation are called, to retrieve the fuel property 
data, for the engine combustion model via the general parameters panel in the main 
WAVE input file.  The remainder of the engine combustion parameters required to run the 
WAVE model were obtained experimentally on the engine test bed, and these are 
discussed. 
 
4.3.2.3 Experimentally Obtained Data 
Several operating parameters are required before running the WAVE combustion model, 
such as fuel injected quantity, start of injection timing, injection pressure and duration, 
intake and exhaust pressures and temperatures.  Therefore, it was necessary to operate the 
engine at specified steady state conditions in order to obtain the required data.  The engine 
was operated with baseline diesel fuel until reaching normal operating temperature and the 
required data were collected, see Table  4.4.  Other inputs, which were also derived 








Testing Condition 2000 RPM 147.5 Nm 3000 RPM 230 Nm 
Fuel Demand (mg) 25.63 44.1 
Start of Injection (° ATDC) 1.31 -3.73 
Injection Duration (deg) 7.6 20.5 
Injection Pressure (bar) 1131 1320 
Intake Temperature (K) 336 334.2 
Intake Pressure (bar) 1.72 2.56 
Exhaust Pressure (bar) 1.95 2.73 
Table  4.4, Experimental data recorded for input into the WAVE model 
 
4.3.2.4 Running the WAVE model 
Requesting output plots 
After setting up the model and loading all fuel properties and profiles, the simulation was 
run and the results obtained from the WAVE output files.  WAVE incorporates a post 
processor for all WAVE simulations and enables visualization and report generation.  In 
this study, the output plots selected from this simulation are listed below: 
1. Heat release rate 
2. Accumulated heat release 
3. Cylinder pressure 
4. Cylinder temperature 
 
Inputting fuel Injection parameters 
All injector specifications were supplied with the validated model and no changes were 
necessary.  The fuel injector type selected for this work delivers a specified amount of fuel 
per injection event, following a user defined flow profile [ 127].  The mean fuel drop 
diameter is set to “Auto” to allow automatic calculation within the combustion model.  
The initial fuel injection velocity was set to “Auto” allowing WAVE to calculate the 
instantaneous injection velocity from injection rate and nozzle size.  The user defined 
profiles of injection rate and pressure can be loaded through the profiles tab of the cylinder 
injector type editor.  An injection profile vs. crank angle is required as input, and then 
WAVE scales these profiles to match the experimental load and conditions.  The injection 
profiles for the steady state simulation were developed based on the engine experimental 
data analysis.  The injection pressure profile is a constant value since the engine is 




equipped with common rail fuel injection system.  Finally, the injected mass and start of 
injection timing were inputted to the model through the injector editor window. 
 
After preparing the WAVE model for the combustion simulation of fuels with different 
properties, an experimental procedure needed to be designed to achieve the objectives of 
this project efficiently.  With many variables in mind, using a design of experiments 
approach becomes crucial, and it is discussed in next section. 
 
4.4 Experimental Approach 
4.4.1 MODDE 7 Software Package 
MODDE 7 design of experiments (DoE) software package is a window based modelling 
and design software tool for the generation and evaluation of statistical experimental 
designs.  DoE helps to extract the maximum amount of information from the collected 
data in the fewest number of experimental runs by varying all relevant factors 
simultaneously over a set of planned experiments, and then connect the results by means 
of a mathematical model.  The main objective of using the DoE software package is to 
achieve the aim of this study efficiently and with the least possible simulation numbers.   
 
Generally, most DoE software packages fulfil two main objectives, firstly is to identify the 
important factors that have the most influential effect (screening), second is to understand 
in more detail how the selected factors influence the response (response surface modelling 
(RSM)) [ 109].  For the purpose of this study, a screening design was used to identify the 
most influential fuel property factors which cause substantial changes in the combustion 
performance and fuel evaporation.  The screening design uses simple models such as, 
linear or linear with interactions, and experimental designs that allow the identification of 
the factors with the largest effects in the fewest possible experimental runs.   
 




4.4.2 Experimental Design Process 
With twelve fuel property variables (factors) and seven combustion quality responses that 
were identified in the previous section, the simulation screening program was planned in 
the MODDE 7 DoE software package and the effect of these fuel properties on the 
combustion process was investigated and variations recorded.  The factors and responses 
were inputted into the model with their abbreviations and units identified, as shown in 
Figure  4.7 and Figure  4.8. 
 
 
Figure  4.7, The DoE factors screen 
 
 
Figure  4.8, The DoE response screen 
 




After feeding all variables into the model, MODDE generated the simulation test plan in 




Figure  4.9, DoE test plan 
 
The test plan was performed for both engine conditions (2000 RPM speed 147.5 Nm load, 
and 3000 RPM 230 Nm) as given in Figure  4.9.  The required response values were 
collected from the each simulation run and entered to populate the model.  The model 
fitted the regression equation which was specified earlier to link the experimental factors 
to the responses which will be discussed in the next section. 
 
4.5 Results and Discussion 
4.5.1 Effect of Fuel properties on the Fuel Evaporation 
The mean droplet diameter of liquid fuels is expected to be directly proportional to most 
of the physical properties, more specifically surface tension and kinematic viscosity.  The 




DoE response of the fuel evaporation sub model for the 3000 RPM 230Nm simulation 
















































































































































































Figure  4.10, DoE Response, variations in DMD calculation 
 
At the first glance, it can be noticed that the LHV, and hydrogen content, respectively are 
the most influential fuel properties affecting DMD calculation.  Other properties such as 
specific heat capacity, cetane number, surface tension, and the rest of physical properties 
respectively have very minor effect on the DMD calculation.  This result suggests that the 
factors expected to be the most critical are irrelevant in calculating DMD in the in-cylinder 
fuel evaporation sub model of WAVE.   
 
Further investigations indicated that the calculation of the Sauter mean diameter (SMD) in 
the in-cylinder evaporation model [ 128] is based on the correlation by Hiroyasu et al 



























Equation  4.1 
Where, 
Dn = Nozzle diameter (m) 




Re = Reynolds number (non-dimensional) 
We = Weber number (non-dimensional) 
µl= Viscosity of liquid fuel (cSt) 
µa = Viscosity of air (cSt) 
ρl = Density of liquid fuel (kg/m
3
) 
















Equation  4.3 
Where, 
(σi) = Surface tension of liquid fuel (N/m) 










Equation  4.4 
Where, 
Pinj = is the user input injection pressure (N/m
2
) 




According to Equation  4.1, the SMD values depend on four main factors: 
• Injector nozzle diameter 




• Reynolds number 
• Weber number 
• Fuel density and viscosity with respect to air 
The injector nozzle diameter is directly proportional to the calculated SMD and it is 
constant for all simulation experiments.  The Reynolds number determines the fluid 
dynamic properties and can vary greatly depending on the temperature of fluids, and 
viscosity.  The Weber number is a measure of the relative importance of the fluid's inertia 
compared to its surface tension and it is used in analyzing thin film flows and the 
formation of droplets.  Both Reynolds and Webber numbers are calculated based on the 
fuel’s density, viscosity, and surface tension in addition to the droplet velocity (Vd).  Their 
values are directly proportional to the droplet velocity which is determined by the 
instantaneous cylinder pressure.  The influence of cylinder pressure may explain why the 
LHV of the fuel affects the DMD calculation where the LHV is used as an input to 
determine the heat of formation of the fuel.  Lower calorific value fuels will have, in 
general, lower combustion temperatures and pressures which will significantly affect the 
calculations of Reynolds and Weber numbers since the fuel injection duration is often 
extended to after the start of combustion.  The ratios of fuel density and viscosity with 
respect to air have a minor effect on the overall calculations because it is raised to a very 
small exponent, but it will be affected by the instantaneous cylinder temperature.  Even 
though fuel density and viscosity is used in calculating the SMD value, and the surface 
tension is used in calculating Weber number, their significance is very minor on the 
overall results.  The most significant factor affecting the SMD calculation seems to be the 
injector nozzle diameter as it appears in the equation while other physical properties will 
not have insignificant effects, which suggests that the current fuel evaporation model is 
unsuitable for predicting the spray evaporation of biodiesel.  The response of the 2000 
RPM 147.5Nm simulation experiments were very similar, so the engine speed and load 
did not have an effect the evaporation model response.   
 
4.5.2 Effect of Fuel properties on the Combustion Process 
The combustion model’s sensitivity to changes in fuel properties was widely examined by 
considering several factors.  The criteria of selecting these factors were to understand the 
combustion characteristics of different fuels.  The first investigation into the combustion 




performance of the model was the effect of fuel properties on the start of combustion 
(SOC).  In most combustion model simulations, the SOC is predicted based on the 
calculation of the ignition delay which is the time between the start of injection and the 
start of detectable heat release.  The DoE response to the simulation results of SOC crank 



















































































































































































Figure  4.11, DoE Response, variations in SOC calculation 
 
The most influential factors affecting the simulated SOC are oxygen, carbon, and 
hydrogen composition of the fuel respectively.  Due to the large error bars of all other fuel 
properties (factors), it is mainly the chemical composition that is affecting the calculation 
of the SOC in the WAVE model with good statistical confidence levels, where the error 
bars shown represent a ± 95% confidence interval in the responses.  To understand these 
results, a closer look at the calculation method used in this model needs to be undertaken. 
 
In the combustion model, the ignition delay predictions are obtained from the diesel 
Wiebe combustion sub-model based on the work by Watson et al [ 127].  This model has 
the capability of predicting the ignition delay and responds to changes in the trapped 
mixture conditions as well as engine operating speed [ 117].  The heat release profile 
represented by the Wiebe function includes premix, diffusion and tail burning phases.  The 
ignition delay is calculated using the in-cylinder temperature and pressure (averaged over 




the delay period).  In addition to the in-cylinder temperature and pressure histories, this 
extended correlation includes an additional dependency on the fuel CN.  The ignition 
delay is determined by the following equation: 
sumsum PTC
delay
/)/*2100( 0.80,exp323=∆θ  









Equation  4.6 
 





















Equation  4.7 
Also (Tcn, and Tc0) are cylinder temperatures, current and at the start of injection 






















Equation  4.8 
 
Similarly, (Pcn, and Pc0) are cylinder pressures, current and at the start of injection 
respectively. 
 
According to Equation  4.5, the ignition delay is calculated using the in-cylinder 
temperature and pressure plus a dependency on the fuel CN.  Apparently the effect of the 
fuel’s chemical composition is the most influential in calculating the SOC, and the CN of 
the fuel has a negligible effect on the SOC.  Similar results were observed in the lower 




speed and load experiments (2000 RPM 147.5 Nm), which shows poor sensitivity of the 
WAVE combustion model to any changes in fuel CN. 
 
Similar results were observed in the responses of all other combustion factors.  DoE 
responses to the exhaust temperature, cylinder pressure, and cylinder temperatures are 
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Figure  4.13, DoE response, variations in cylinder pressure 
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Figure  4.14, DoE response, variations in cylinder temperature 
 
Mainly the fuel’s LHV is the most significant property in altering the responses of the 
combustion factors in the WAVE model.  The chemical composition of the fuel is the 
second property that has an effect on the combustion parameters, and the effect of all other 
fuel properties is negligible as shown in the DoE model responses.  The combustion 
factors under investigation are calculated by the ‘Diesel Jet’ secondary combustion sub 
model used by the Ricardo WAVE software package.  The ‘Diesel Jet’ combustion sub 
model is more advanced than other standard diesel combustion models which can be used 
in conjunction with the other combustion models such as diesel Wiebe [ 117].  It requires 
that a primary diesel combustion sub-model must first be applied to the cylinder of 
interest.  It has the ability to predict combustion heat release rate from user specified fuel 
injection rate and injector geometry.   
 
The heat transfer is calculated using the Woschni [ 131] equation which is based on the 
convective heat transfer concept and has been used frequently in heat transfer studies.  The 
instantaneous heat transfer coefficient calculations are mainly dependant on two 
contributions.  The first contribution is scaled with mean piston motion and geometry, and 
the second contribution is related to turbulence effects and differential pressure and 
temperature rises resulting from combustion.  This explains the depending of the above 




combustion predictions on the fuel’s calorific value and oxygen composition since these 
factors are directly proportional to the combustion temperature and pressure.  Further 
more, the ‘Diesel Jet’ combustion model is influenced by several factors with droplet 
evaporation being the main one [ 128] which is not effected significantly by any of the 
fuel’s physical properties as discussed earlier.  In actual experimental work, it is expected 
that some fuel properties such as CN, density, and viscosity would have a noticeable 
impact on the combustion process.  These properties would shift the combustion process 
either forward (retarding) or backward (advancing) which will, in turn, alter the peak 
cylinder temperature, pressure and exhaust temperature.  This topic was widely 
investigated and discussed in the literature review (chapter 2). 
 
4.6 Conclusions 
The aim of this study was to investigate the potential of engine simulation packages such 
as the Ricardo WAVE to asses the impact of changes in fuel properties, such as those for 
biodiesel, on simulated combustion performance.  The following conclusions could be 
drawn: 
 
• The lower heating value and hydrogen content respectively were the most 
influential fuel properties affecting the calculation of SMD in this WAVE model.  
Other properties such as specific heat capacity, cetane number and surface tension 
had only a very minor effect.   
• This study suggests that the physical properties of biodiesel expected to be most 
significant are irrelevant in calculating SMD using WAVE.  Limitations in the 
application range of the empirical equation used in the fuel evaporation model 
might explain the poor response of the model to the changes in the physical 
properties of the fuel.   
• The most influential factors affecting the predicted SOC were found to be oxygen, 
carbon, and hydrogen composition.  In spite of the fact that the ignition delay is 
calculated using the in-cylinder temperature and pressure plus a dependency on the 
fuel CN, the CN of the fuel has a negligible effect on the predicted SOC.   




• Overall, the LHV and the chemical composition of the fuel are the most significant 
properties affecting the WAVE combustion models.  The basic combustion models 
appear to be too simplistic to consider the fuel’s physical properties in the 
calculation.  The predicted heat release when using the more sophisticated ‘Diesel 
Jet’ model was also found to be insensitive to changes in fuel properties.   
• WAVE’s basic combustion models were not suitable for accurately predicting the 
impact of the different physical and chemical properties of biodiesel. 
 
 




Chapter 5  Biodiesel Engine Trials 
 
5.1 Introduction 
Combustion in a diesel engine is a complicated physical and chemical process, starting 
with injecting the fuel into the combustion chamber to exhausting the burnt gases.  Diesel 
combustion depends on many different parameters such as charge mixing, injection timing 
and pressure in addition to critical fuel properties.  The physical and chemical properties 
of the fuel play a significant roll since they directly affect the vaporization process and the 
self ignition of the fuel vapour in the combustion chamber.  Differences in the chemical 
properties between petroleum diesel and biodiesel fuels lead to differences in their 
physical properties which will have direct impact on the combustion process.  The effect 
of biodiesel on emissions and performance is specific for each engine type, and depends 
on the engine speed and load conditions in addition to the ambient conditions and 
biodiesel feedstock and quality.   
 
In the vehicle trial study reported in  Chapter 3, the impact of various biodiesel fuel blends 
on the diesel engine’s performance and emissions during different ambient temperatures 
was investigated.  However, the impact of biodiesel fuel on the actual combustion process 
could not be determined because the cylinder pressure data could not be measured.  The 
availability of cylinder pressure data could have provided substantial information 
regarding the impact of biodiesel fuel on the combustion process.  The impact of biodiesel 
fuel blends on the combustion behaviour in a modern high speed diesel engine is 
presented in this chapter.   
 
5.2 Aims and Objectives 
The aim of this experimental phase was to investigate the combustion behaviour of two 
different blends of biodiesel (B25 and B50) compared to baseline diesel fuel when the 
engine is operated at different load and speed conditions.  To achieve the aim, the 
following objectives were set: 




• Evaluate the impact of biodiesel fuel on the combustion process analysing cylinder 
pressure and heat release data at defined operating conditions while running the 
“production” engine calibration. 
• Determine the impact of biodiesel fuel properties on the combustion process when 
compared to baseline diesel fuel by operating the engine and fixed pedal positions 
in order to minimize ECU calibration issues. 
• Investigate the impact of biodiesel fuel on the start of injection and ignition delay, 
by operating the engine with deactivated pilot injection.  The impact of pilot 
deactivation on the engine performance and emissions to be quantified. 
• Compare engine out emissions between biodiesel and the baseline diesel fuel. 
 
5.3  Experimental Facility 
The experimental work was carried out in test cell within the Powertrain and Vehicle 
Research Centre (PVRC) in the Department of Mechanical Engineering at the University 
of Bath.  This test cell (PVRC-cell 1) is capable of performing full drive cycle and 
transient test schedules with emission measurement, fuel supply and high speed in-
cylinder pressure measurement.  The layout of this experimental facility is shown in 
Figure  5.1. 
 





Figure  5.1, Layout of engine test cell 1 facility 
 
5.3.1 Measuring equipment 
This state of the art engine test cell is equipped with CP CADET V12 control and data 
acquisition system, CP Combustion Analysis System (CAS) and a Horiba MEXA 7000 
series emission analyser. 
 




5.3.1.1 Engine dynamometer 
The engine used in this experiment was coupled to a 215kW AC dynamometer, which is 
capable of running steady state tests, as well as transient schedules with modelled gear 
shifts.   
 
5.3.1.2 CP CADET V12 
The CP Cadet V12 software is installed on two remote PCs to remotely control the engine 
testing facilities, and the data acquisition system connecting with the sensors and sending 
signals to communicate with other controllers.  The software contains real time multi-
tasking direct digital control functions which interface with the dynamometer, ECU 
ASAP3 connection, fuel weighers, sensors and controllers.  The CP128 system capture 
cards are capable of sampling data at rates of up to 80Hz at 16 bit resolution and at up to 
160Hz at 8 bit resolution.  The Combustion Analysis System (CAS, further details later) is 
also connected to CP CADET V12.  The ECU and its calibration tool (ATI vision) are 
connected with two CP CADET PCs via the CAN bus.  Therefore the data from the engine 
test facilities, ECU and CAS are able to be collected in one CP CADET PC acquisition 
system. 
 
5.3.1.3 ATI Vision 
For fast sampling of engine response, data is logged using ATI Vision 2006 sp2 which is 
installed on the PC as the calibration tool in the engine test cell.  ATI vision is an 
integrated calibration and data acquisition tool that collects signals from the ECU and 
external sources.  It samples engine response such as speed, fuel injection, mass air flow, 
EGR mass and start of injection timing during a transient at a rate of 50Hz (0.02s).  The 
fuel demand measurement from ATI vision was calibrated against CP gravimetric fuel 
weigher for accuracy before the experimental tests. 
 




5.3.1.4 CAS System 
The combustion analysis system (CAS) was developed by D2T for internal combustion 
engine research and design.  The crank angle based data capture and acquisition system 
allows the engine parameters to be measured in real time, such as the cylinder pressure 
analysis, rate of heat release calculation, combustion noise detection, mass fraction of fuel 
burned calculation, needle lift, etc. 
 
5.3.1.5 MEXA Analysers 
This experimental facility is equipped with two Horiba MEXA 7100 DEGR gas analysers 
for simultaneous emission measuring at the inlet and outlet of the diesel exhaust catalytic 
converter.  The analysers are designed to measure exhaust emissions from diesel or 
gasoline engines, and they are capable of measuring CO, CO2, NOX, THCs and O2.  They 
are also capable of second by second emission measurements which are ideal for driving 
cycle and steady-state testing.  To ensure repeatability of the experimental procedure, a 
scheduled purging and calibration procedure were followed before each batch of 
experiments.  In addition, the analyser filters were changed on daily basis or even more 
frequently depending on the test frequency. 
 
5.3.1.6 In-Cylinder Pressure Measurement 
A Kistler 4045A pressure transducer was used to measure in-cylinder pressure which is 
positioned in the place of the glow plugs.  The pressure change in the engine cylinder acts 
on the diaphragm and the force is transmitted to the quartz, which under loading yields an 
electrostatic charge.  This charge is conditioned to be recorded on the measurement system 
(in this project, CP combustion analysis system).  The advantage of this transducer is its 
rapid response to changes in cylinder pressure.  The high sensitivity and low thermal 
shock error properties of the piezoelectric crystal make it an ideal candidate for use in 
engine testing.  The maximum pressure that the sensor can measure is 250 bar while the 
maximum allowed in-cylinder pressure of this particular engine is 160 bar.  The amplitude 
of the signal from the pressure sensor is very small and hence this signal is passed through 




a charge amplifier in order to convert it into a measurable voltage and this is then 
processed into the crank angle domain as provided by the crank shaft encoder. 
 
5.3.1.7 Crank Shaft Encoder 
The crank angle encoder used is a Kistler 2613B encoder and it provides a crank angle 
degree domain for measurements.  The crank angle encoder is mounted on the free end of 
the crankshaft and can measure 360 individual degree marks.  These marks are scanned by 
a photoelectric cell which gives an electrical output which is picked up by the pulse 
converter in the encoder.  The encoder has a high resolution of 0.1˚ CA. 
 
5.3.1.8 Temperature Measurement 
Temperature measurements are made using K-type thermocouples which operate on the 
principle of Seebeck effect where the junction of two different conductors creates a 
voltage dependant upon temperature at that junction.  The two alloys that are used are 
Nickel-Chromium and Nickel-Aluminium alloys.  The grounds for the selection of this 
type of thermocouple are their ability to operate over a wide operating range coupled with 
a sensible accuracy of 1°C.  They thermal inertia of the thermocouples is relatively low 
due to a small diameter of 1.5mm.  The thermocouples are calibrated with the aid of the 
CP Software, and the temperature range for a typical type K thermocouple is between -
200°C to +1350°C which is suitable for engine diagnostics. 
 
5.3.2 Engine Specification 
The baseline engine investigated in the experimental work is a Ford Puma 2.0 litre 
turbocharged diesel engine, the engine specification is summarised in Table  5.1.  Further 








Engine Details Notes 
Engine Type Compression Ignition 
Number of Cylinders 4 
Engine Displacement (cc) 1998 
Cylinder Bore (mm) 86 
Cylinder Stroke (mm) 86 
Compression Ratio 16 
Fuel Injection System 
High pressure Common Rail Direct 
Injection 
Injection Pressure (bar) 1400 
EGR Mass Flow Controlled 
Turbocharger Garrett variable geometry 
Max Torque (Nm) 310 at 1800-2500 RPM 
Max Power (kW) 96 at 3800 RPM 
Table  5.1, Ford Puma engine specification 
 
5.3.3 Fuel Injection System 
The engine used in this investigation is equipped with a common rail fuel injection system 
as detailed above.  The main advantages of theses systems over the traditional pump-line-
nozzle are their high pressure capabilities and the independent control of the injection 
pressure with engine speed changes.  In addition, these systems are very flexible in 
adjusting pressures for different conditions to determine the best injection pressure 
required to optimize engine performance.  This independent control of pressure generation 
and injection in common rail systems is accomplished by the high-pressure accumulator, 
this consists of the rail and the high pressure fuel lines to the nozzles.  The modern 
common rail fuel injection systems are usually offered with electronic control injectors 
(ECI) with capabilities of multiple injections per stroke and very quick response injection 
timing.  The introduction of ECIs made it possible to control both pressure and flow area 
of the fuel into the combustion chamber.  The key component of these injectors is the 
solenoid valve which controls the opening and closing of the injector by means of needle 
vertical motion.  A schematic drawing of a typical solenoid driven common rail fuel 
injectors are presented in Figure  5.2. 
 





Figure  5.2, Common Rail Injector adopted from Lucas [ 2] 
 
The operating principles of the electronic fuel injectors controlled by solenoid valves can 
be summarised as follows:  In order to control the opening and closing time of the needle 
(2), a small chamber of pressurised fuel (3) is present at the top of the needle’s control 
piston (4).  This controlled volume is connected to the rail through a small orifice that 
assures that same pressure between the nozzle and the chamber when the valve is closed.  
When injection is required, the solenoid valve, on the top area of the injector, is energised 
by the engine management system which will lift the piston’s control valve and the 
pressure in the control volume will reduce rapidly, thus creating a pressure drop.  This will 
result in a negative net force on the valve needle, and the injection is initiated through the 
delivery chamber (1).  As soon as the solenoid closes, the pressure in this chamber will 
increase again resulting in the closure of the needle. 
 
5.3.4 Fuels 
The fuels used in this experimental work are the same fuel used in the previous vehicle 
testing work.  The baseline diesel fuel (B0) is supplied by Shell, and the biodiesel fuel 
used in this study is rapeseed oil methyl ester (RME) supplied by BP and the full 
specification sheets are attached in appendix 2, and 3.  The specifications of RME meets 




the European biodiesel standard EN 14214:2003 with slightly lower cetane number (CN), 
which is not usually common in most of the biodiesel fuel types (see Table  5.2), and the 
fatty acid composition in Table  5.3. 
 
Property Baseline Diesel (B0) RME Biodiesel (B100) 
Cetane Number (CN) 52.8 49.5 
Net Calorific Value (MJ/kg) 42.59 39.99 
Density at 15°C (kg/m3) 833 883.2 
Kinematic Viscosity at 40°C (mm
2
/s) 2.75 4.56 
Flash Point (°C) 55 182 
Water Content (mg/kg) 68 210 
Oxygen Content (%) 0 11 
Table  5.2, Fuel Specification 
 
FA Structure 16 (0) 16 (1) 18 (0) 18 (1) 18 (2) 18 (3) - 
FA Name Palmate Palmitoleate Stearate Oleate Linoleate Linolenate Others 
(%) 2.05 0.31 1.66 62.82 20.41 9.15 3.60 
Table  5.3, Fatty acid composition 
 
The RME fuel drums were stored in a refrigerated location below 3°C to avoid any 
possible oxidation or degradation of the fatty acids.  Prior to this experimental procedure, 
a sample of the B100 RME fuel was sent to the Ford Motor Company Fuels and 
Lubricants laboratory for oxidation stability analysis.  It appeared that the B100 sample 
was still at 8.3 hrs induction period (current EN14214 limit is 6hrs), and approved to be 
well within specification for oxidation stability. 
 
Fuel blends of B25, and B50 were prepared on site by physically mixing the required 
volumetric ratios of baseline diesel and RME fuels.  Samples of each blend prepared were 
evaluated in the chemistry department of at the University of Bath to ensure the 
consistency of the blend ratio.  The samples were analysed and the results were calculated 
by nuclear magnetic resonance (1 HNMR), the calculated ratios came to 25.4, and 48.7 for 
the B25, and B50 fuel blends respectively. 
 





A detailed study of the combustion behaviour, engine out emissions, and performance of 
B25 and B50 biodiesel fuel blends in comparison with baseline diesel fuel was carried out.  
The engine was started and warmed up until reaching its ‘VERY_HOT’ ECU strategy 
before any data collection was attempted.  The engine out emission analysers were 
prepared and calibrated prior to any experimental run.  The studies were conducted on the 
standard calibration engine at the following conditions: 
• Fixed Engine Load:  The engine was operated using all three fuel blends at 1500 
RPM and 2250 RPM with two fixed loads representing low and mid-high loads for 
each engine speed. 
• Fixed Pedal Position:  The engine was operated using all three fuel blends at 1500 
RPM and two fixed pedal positions of 9% and 17%.  Similarly at the 2250 RPM 
with two fixed pedal positions of 15% and 22% representing low and mid-high 
loads. 
• Fixed Pedal position (pilot injection off):  Similar to the previous experiment but 
with deactivating of the pilot injection in order to reduce the disturbance in the rail 
pressure and take a more detailed evaluation of the main combustion process, 
combustion duration, and mass fraction of fuel burned. 
 
5.5 In Cylinder Investigation: Fixed Engine Load 
Evaluating combustion stages and events are not an easy task especially with the 
complexity associated with diesel combustion.  However, with the availability of the high 
speed data acquisition systems, sensitive pressure transducers, and precision crank shaft 
encoders, acquiring data from the combustion chamber of diesel engines becomes 
manageable.  Information is analysed in the form of instantaneous cylinder pressures and 
heat release rates.  In this experiment, all the instantaneous data were recorded for 100 
consecutive cycles and then averaged out in order to eliminate the effect of cycle to cycle 
variations.   
 
In this experimental work, the engine will be operated with biodiesel fuel blends and the 
engine out torque will be matched with that of baseline diesel fuel.  Demanding the 




required power from the engine is obtained via pressing the accelerator is what actually 
happens in real live, regardless of fuel being used.  The impact of biodiesel fuel on the fuel 
injection system was also investigated and compared to the baseline diesel fuel. 
 
5.5.1 Fuel Injection Process 
Investigating the demand injection timing did not show any variations with biodiesel fuel 
during all the operating conditions.  An attempt was made to identify the actual start of 
injection (SOI) timing by analysing the variations in continuous rail pressure, but this was 
impossible due to the presence of pilot injection.  The pilot injection disturbs the stability 
of rail pressure line and makes it very difficult to estimate the SOI of the main charge.  
The demanded rail pressures in this experimental study when the engine was operated 
with different fuel blends at standard calibration and different engine speed and load 
conditions are plotted in Figure  5.3.  The figure shows a slight increase in rail pressure 
demand with biodiesel fuel blends, which is most likely attributed to the higher pedal 
demand by the engine ECU to match baseline diesel fuel power.  The average increase in 
rail pressure demand is about 5% with B50 biodiesel compared to baseline diesel fuel, and 
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Figure  5.3, Demanded Rail pressure for different fuel blends, matched engine load 
 
Increasing the rail pressure and occasionally fuel injection duration is the common 
response from the ECU to increase fuel amounts injected into the combustion chamber to 
overcome the lower energy content of biodiesel fuel.  The actual fuel demanded by the 
engine ECU is increased as the percentage of biodiesel increases during all experimental 




conditions to overcome the LHV of biodiesel fuel.  The percentage increase in fuel 
demand with biodiesel fuel blends compared to the baseline diesel fuel is summarized in 
Table  5.4. 
 
RPM 1500 2250 
Load Low High Low High 
B25 9 4 5 6 
B50 16 6 10 8 
Table  5.4, Percentage increase in fuel demand relative to baseline diesel fuel 
 
The percentage increase in fuel demand during the lower load conditions is higher than 
during the higher load conditions with biodiesel fuel blends.  This is probably a 
consequence of lower atomization and evaporation of biodiesel fuels during lower 
operating conditions which was also reported by [ 94], in addition to lower calorific value 
which the majority of studies report [ 64,  83,  86,  88,  91, and  95].  Whereas during the 
higher load operating conditions the draw back of higher viscosity and flash point 
diminishes, as the cylinder pressure and temperatures increase.   
 
5.5.2 Combustion Analysis 
To investigate the actual combustion process, the in cylinder pressure profiles and rate of 
heat release were analysed.  The in cylinder pressure profile with crank angle for all fuel 
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Figure  5.4, Cylinder pressure vs. Crank angle at 1500 RPM and matched engine load 





Figure  5.4 shows that the cylinder pressure profiles for all three fuels are pretty similar 
during both engine load conditions for the speed of 1500 RPM.  The variations in 
maximum cylinder pressure (PMax.) are very small and cannot be considered significant; 
the PMax values with the corresponding engine crank angles is presented in Table  5.5.  
Similar trends are observed from the 2250 RPM engine speed experiments (see Figure 
 5.5).  Both figures show that the peak pressures increase as the engine load increases, and 
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Figure  5.5, Cylinder pressure vs. Crank angle at 2250 RPM and matched engine load 
 
RPM 1500 2250 
Load Low Load High Load Low Load High Load 
PMax bar °CA bar °CA bar °CA bar °CA 
B0 45.1 10.0 67.9 11.4 45.5 13.1 59.2 14.0 
B25 45.1 10.1 68.2 11.5 46.4 12.7 60.2 14.1 
B50 45.2 10.1 69.0 11.5 46.0 12.4 60.2 14.2 
Table  5.5, Maximum cylinder pressure value, matched engine load 
 
Both cylinder pressure curves and maximum pressure values for both biodiesel blends are 
very similar to the baseline diesel fuel which was also reported by Kawano et al. [ 94].  
The peak pressure value usually depends on the burn rate after the start of ignition during 
the rapid combustion stage.  In order to further investigate the difference in combustion 
characteristics between diesel and biodiesel fuels, the rate of heat release per second for all 
fuel blends was investigated and shown in Figure  5.6, and Figure  5.7. 





The combustion stages inside the cylinder can be visualized by the rate of heat release 
calculation as the fuel burns inside the combustion chamber, as shown in Figure  5.6 and 
Figure  5.7.  The initial drop in the heat release rate which can be observed directly after 
SOI is due to the energy requirement to evaporate the fuel accumulated during ignition 
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Figure  5.6, Rate of Heat Release for 1500 RPM engine speed and (a) Low load (b) High Load 
 
The first smaller rise in the rate of heat release is caused by the pilot injection and the 
second one is when the main injection kicks in.  Generally, both plots follow similar heat 
release profiles for all three fuels during the low pedal and high pedal conditions, which 
basically indicate that both B25 and B50 blends experience very similar combustion 
phases, or stages, as the baseline diesel fuel.   
 
The initial combustion associated with pilot injection fuel burn for biodiesel fuel blends 
appear to be slightly earlier under both operating conditions, and this observation can be 
more distinguished during the higher engine speed conditions (see Figure  5.7), where it 




clearly shows an earlier rise in the rate of heat release due to pilot injection.  The variation 
in the start of pilot fuel burn ranges from 0.5 to 1.0°CA earlier with B50 biodiesel 
compared to baseline diesel fuel.  However, this does not seem to affect the start of 
combustion (SOC) of the main charge with all fuel blends.  It can also be observed that the 
rise in the rate of heat release curve is quicker and the peak values are higher with 
biodiesel blends compared to baseline diesel fuel during most of the engine operating 
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Figure  5.7, Rate of Heat Release for 2250 RPM engine speed and (a) Low load (b) High load 
 
The earlier start of pilot fuel burn and quicker rise in the rate of the heat release curve and 
higher peak values with biodiesel fuel is probably attributed to their higher oxygen content 
compared to baseline diesel fuel, as the demand start of injection should be very similar 
(refer to section  5.5.1).  The earlier start of pilot fuel burn can also be attributed to the 
higher rail pressures, since the CN is slightly lower compared to baseline diesel fuel, see 
Table  5.2.  These observations suggests that quicker start of combustion and higher burn 
rate is more likely to happen with biodiesel fuel blend compared to the baseline diesel fuel 
during these operating conditions. 
 




On the other hand, increasing pedal with biodiesel fuel to match the engine power of 
baseline diesel fuel will also correspond to other changes in engine calibration parameters 
such as EGR value and VGT speed which directly affects the amount of mass air flow 
(MAF) into the engine due to variations in boost pressure and the exhaust gas temperature.  
This is a logic response from engine ECU to overcome the deficiency in calorific value in 
biodiesel fuel by altering operating parameters.  Next, the impact of biodiesel fuel on the 
engine out emissions compared to baseline diesel fuel is reported.   
 
5.5.3 Emissions Analysis 
The engine out emissions of CO, HC, and NOX for all fuel blends and different engine 
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Figure  5.8, Engine out CO emissions with different fuel blends during both engine speeds, fixed engine 
load investigation 
 
The average engine out CO emissions shows general reduction trend as the percentage of 
biodiesel increases at all engine operating conditions, however the reduction varies 
according to engine operating condition (see Figure  5.8).  The highest amount of CO 
emissions produced during the high speed and low load conditions, and the lowest during 
the low speed high load conditions.  Generally, the reduction in CO emissions increases as 
the engine load and speed increases, and it can be observed by steeper reduction curves of 
the higher speed and load conditions.  The CO decreases by 21%, 23%, and 25% when 
B50 fuel blend is used during 1500 RPM high load, 2250 RPM low load, and 2250 RPM 
high load conditions respectively compared to baseline diesel fuel and no significant 




difference in CO emissions could be observed at 1500 RPM low load condition.  The 
reported reason for the reduction of CO emissions with biodiesel is the additional oxygen 
content in the fuel, which enhances more complete combustion of the fuel leading to CO 
emissions reduction which agrees with most of the published studies [ 86- 89,  91, and  94]. 
 
The total hydrocarbon emissions showed more dependency on the engine operating 
conditions as it appears in Figure  5.9, where the percentage reduction varies significantly 
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Figure  5.9, Engine out HC emissions with different fuel blends during both engine speeds, fixed engine 
load investigation 
 
Similar to CO emissions, the lowest amount of HC emissions were recorded from the low 
speed high load conditions and the highest during high speed low load conditions.  The 
engine out HC emissions reduced with biodiesel fuel blend for all engine operating 
conditions except for the high speed and high load condition where no significant change 
was observed.  Using B50 fuel blend reduced the HC emissions by 23%, 53%, and 35% 
during 1500 RPM low load, 1500 high load, and 2250 RPM low load conditions 
respectively compared to baseline diesel fuel.  It is generally known that using biodiesel 
fuel reduces the amount of HC emissions compared to the conventional diesel fuel due to 
the oxygen content in the biodiesel molecule, which leads to a more complete and cleaner 
combustion, which agrees with most of the published studies [ 16,  86,  88, and  90].  The 
results obtained in this work suggest that the percentage reduction in HC emissions is 
extremely dependant on engine operating conditions. 





Figure  5.10 shows a clear increasing trend of engine out NOX emissions as the percentage 
of biodiesel increases in the fuel blend at all engine operating conditions except at low 
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Figure  5.10, Engine out NOX emissions with different fuel blends during both engine speeds, fixed 
engine load investigation 
 
The percentage increase in NOX emissions with B50 fuel blend is about 13% during all 
operating conditions compared to baseline diesel fuel, except at 1500 RPM low load 
condition, were it shows no significant change.  The low speed high load conditions 
produce the highest amounts of NOX emissions as a trade off for lower CO and HC 
emissions as a result of more efficient combustion as seen in Figure  5.8 and Figure  5.9.  
However, during the low speed low load condition the engine out NOX emissions did not 
show any significant change with B50 fuel blend.  Most of the published literature in this 
field indicated a slight increase in NOX emissions with biodiesel, and the percentage 
increase depends significantly on engine type, engine technology, and its operating 
conditions, refer to sections  2.5.2 and  2.6.1 of chapter 2.   
 
To match the engine power of diesel fuel, the engine ECU increased the pedal demand 
when operated with biodiesel fuel, which corresponded in other changes in engine 
calibration.  Next, an investigation into the impact of biodiesel fuel on the combustion 
process by operating the engine at fixed pedal positions is reported, and the results 
compared to those of baseline diesel fuel. 
 




5.6 In Cylinder Investigation: Fixed Pedal position 
This section reports variation in the combustion process with biodiesel fuel blends when 
the engine is operated with similar pedal demand to that of baseline diesel fuel.  This 
procedure will minimize the impact of pedal demand variations on engine calibration 
parameters such as EGR value and VGT speed discussed in the previous section.  In this 
study, the demanded rail pressure and the injected quantity of fuel are kept the same with 
all fuel blends for a fixed pedal position. 
 
5.6.1 Combustion Analysis 
Figure  5.11 and Figure  5.12 show the cylinder pressure profiles for the fixed pedal 
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Figure  5.12, Cylinder pressure vs. Crank angle at 2250 RPM and fixed pedal position 
 




Both figures show that the cylinder pressure profiles for all three fuels are very similar 
during both engine load conditions and for both engine speeds.  The pressure curves 
follow similar paths and no indications of earlier start of combustion can be seen.  The 
maximum cylinder pressure (PMax.) values are presented in Table  5.6.   
 
RPM 1500 2250 
Pedal 9% 17% 15% 22% 
PMax. bar °CA bar °CA bar °CA bar °CA 
B0 45.3 10.5 70.4 11.5 46.4 13.2 61.2 14.3 
B25 44.9 10.1 67.3 11.5 47.0 12.7 61.0 14.2 
B50 44.9 9.7 69.0 11.5 46.0 12.4 60.2 14.2 
Table  5.6, Maximum cylinder pressure values at fixed pedal position 
 
The maximum cylinder pressure values show a very slight decreasing trend as the 
percentage of biodiesel increases especially in the case of higher pedal position conditions.  
Generally (PMax.) values occur at very similar crank angles for all fuel blends during the 
higher pedal conditions, and slightly earlier for biodiesel fuel blends during the lower 
pedal conditions.   
 
The rate of heat release curves show similar observations as discussed in the previous 
section, see Figure  5.13 and Figure  5.14.  The rate of heat release associated with pilot 
injection shows slightly earlier rise with biodiesel fuels during all operating conditions 
compared to the baseline diesel fuel.  However, the main combustion always starts at very 
similar crank angle with all fuel blends during all engine operating conditions, except for 
B25, where it shows an unexpected trend during the 1500 RPM 17% pedal position which 
is probably due to an experimental error.   
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Figure  5.14, Rate of Heat Release for 2250 RPM engine speed at (a) 15% pedal (b) 22% pedal 
 
Even though the demanded rail pressures are constant during this experimental work, the 
initial combustion of the pilot fuel starts slightly earlier in case of biodiesel fuel blends, 




and the quicker rise in heat release rate is also visible.  This result indicates the previous 
suggestion of higher burn rate of biodiesel fuel blends compared to the baseline diesel 
fuel, which is most likely attributed to the higher oxygen content of biodiesel fuel.  
 
The use of biodiesel fuel blends reduces the engine output power compared to baseline 
diesel fuel, Figure  5.15.  Using B50 biodiesel fuel reduced the engine power by 14% and 
4% during the lower and higher pedal positions respectively of the 1500 RPM engine 
speed, and during the 2250 RPM engine speed, it reduced by 12% and 8%.  This is 
probably due to very low engine outputs during the lower pedal conditions, and any 
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Figure  5.15, Average engine torque at all operating conditions, fixed pedal position 
 
5.6.2 Emissions Analysis 
The engine out emission results showed very similar trends and values to the fixed load 
results, and these are presented in Figure  5.16, Figure  5.17, and Figure  5.18.  The CO 
emissions reduced with biodiesel fuel at all engine operating conditions, and the 
percentage reduction increased as the engine speed and pedal position increased, the 
reduction of CO emissions with B50 fuel blend ranged between 14% to 25% compared to 
baseline diesel fuel. 
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Figure  5.16, Engine out CO emissions with different fuel blends during both engine speeds, fixed pedal 
position investigation 
 
The lowest amount of HC emissions were produced from the low speed high pedal engine 
operating condition, and the highest was during high speed high pedal conditions.  The 
engine out HC emissions reduced with increasing biodiesel fuel blend for all engine 
operating conditions.  The percentage reduction in HC emissions with B50 was the highest 
during the 1500 RPM 17% condition with 59% reduction, and the lowest during the 2250 
RPM 22% pedal with 14% compared to baseline diesel fuel.  During the lower pedal 
conditions of both speeds, the reduction was 29% with B50 biodiesel compared to 
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Figure  5.17, Engine out HC emissions with different fuel blends during both engine speeds, fixed pedal 
position investigation 
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Figure  5.18, Engine out NOX emissions with different fuel blends during both engine speeds, fixed 
pedal position investigation 
 
The engine out NOX emissions showed the typical increase as the percentage of biodiesel 
increases in the fuel blend at all engine operating conditions (Figure  5.18).  The 
percentage increase with B50 fuel blend during the lower pedal conditions is about 8.5 %, 
and during the higher pedal conditions is about 4.5 % compared to baseline diesel fuel.  
The low speed high pedal condition produce the highest amount of NOX emissions as a 
trade of higher combustion efficiency and a consequence lower CO and HC emissions 
observed in Figure  5.16 and Figure  5.17. 
 
The ability to estimate the actual injection timing would be very helpful in order to 
determine the impact of biodiesel fuel on certain combustion parameters such as ignition 
delay and combustion duration.  An attempt was made in (section  5.5.1) of the current 
chapter to identify the actual start of injection (SOI) timing by analysing the variations in 
continuous rail pressure, but the presence of pilot injection disturbed the stability of rail 
pressure line and makes it very difficult to estimate it.   
 
 




5.7 In Cylinder Investigation: Fixed Pedal position and 
deactivated Pilot injection 
To investigate the impact of biodiesel fuel on certain combustion parameters such as 
ignition delay and combustion duration, the engine was operated without the pilot 
injection in an attempt to identify the actual start of injection (SOI) timing by analysing 
the variations in continuous rail pressure.  Deactivating the pilot injection is not a common 
practice in a real operating engine due to various benefits of this early pre injection 
process, since it can be effective in decreasing the ignition delay of the main injection and 
thus reducing the rate of heat release and consequently in cylinder pressure rise [ 2].  Also, 
it is known that the use of pilot injection can reduce engine noise effectively with a 
penalty of slight increase in soot emissions [ 130].  The pilot injection was disabled in this 
part of experimental procedure from the engine calibration map through the ECU 
calibration tool (ATI vision) in order to explore the difference in combustion process of 
biodiesel fuels.  The disturbance in the engine operation was noticeable upon deactivation 
of pilot injection especially during the lower pedal conditions; the engine experienced a 
dramatic noise increase and large rise in engine out emissions as an indication of a 
compromised combustion process. 
 
5.7.1 Combustion Analysis 
The cylinder pressure profiles are plotted in Figure  5.19 and Figure  5.20 for both engine 
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Figure  5.19, Cylinder pressure vs. Crank angle at 1500 RPM, pilot off and fixed pedal position 
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Figure  5.20, Cylinder pressure vs. Crank angle at 2250 RPM, pilot off and fixed pedal position 
 
The pressure curve profiles are very similar with all fuels used, and it is slightly higher in 
case of baseline diesel fuel during the 1500 RPM engine speed.  However, during the 
higher engine speed the B25 shows slightly higher pressure values than the baseline diesel 
fuel during the 22% pedal condition.  The demanded injection timing by ECU is 3.5° after 
top dead centre (ATDC) for both pedal positions during the 1500 RPM engine speed, and 
during the higher engine speed conditions it is 4° ATDC and 3.8° ATDC for the low pedal 
and high pedal conditions respectively.  As appears in Figure  5.19 and Figure  5.20, the 
rise in pressure curve due to fuel combustion is very low during the lower pedal conditions 
and more specifically during 2250 RPM engine speed which is an indication of 
deterioration in the combustion process.  This will probably impact the overall 
performance of the engine during these conditions which will be further investigated in the 
emissions and engine power analysis.  The combustion pressure (PMax.) values does not 
show any significant change with all fuel blends as shown in Table  5.7.   
 
RPM 1500 2250 
Pedal 9% 17% 15% 22% 
PMax. bar °CA bar °CA bar °CA bar °CA 
B0 35.3 15.8 67.6 11.6 28.5 17 56.9 17.0 
B25 34.5 15.4 66.0 11.8 24.4 17 57.7 16.3 
B50 34.0 15.3 65.9 11.6 28.0 17 55.9 16.8 
Table  5.7, Maximum in cylinder pressure values with corresponding crank angles 
 




In general, the maximum cylinder pressure values are much lower and further delayed 
away from TDC compared to the previous experiments where the pilot injection was 
active, and combustion deterioration due to pilot injection loss is probably what has 
caused this reduction in cylinder pressure. 
 
The rate of heat release diagrams for all fuels at different engine operating conditions are 
shown in Figure  5.21 and Figure  5.22.  Figure  5.21 shows that the rate of heat release 
starts increasing slightly earlier with B50 biodiesel fuel blend during the low pedal 
condition and with baseline diesel fuel during the higher pedal condition.  Higher peaks of 
heat release rates can be seen with baseline diesel fuel compared to biodiesel during the 
lower pedal condition, which is probably owing to higher volatility and better mixing of 
diesel with air at such low speed low load conditions.  During the higher pedal condition 
of 1500 RPM engine speed, the trend reverses as the SOC of baseline diesel fuel picks up 
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Figure  5.21, Rate of Heat Release for 1500 RPM engine speed pilot off at (a) 9% pedal (b) 17% pedal 
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Figure  5.22, Rate of Heat Release for 2250 RPM engine speed pilot off at (a) 15% pedal (b) 22% pedal 
 
Figure  5.22 shows earlier SOC with biodiesel blends during the 2250 RPM engine speed 
compared to baseline diesel fuel.  Overall, the rate of heat release results does not show an 
obvious trend with biodiesel fuel blends compared to diesel, which is most likely caused 
by instability of the combustion process when pilot injection is deactivated. 
 
5.7.2 Fuel Injection Process 
The actual start of injection (SOI) was investigated in order to indentify any adverse 
effects of biodiesel fuel properties on the injection system.  The start of injection was 
identified as the first infinitesimal reduction in rail pressure other than the normal line 
pressure fluctuations.  This small reduction in rail pressure is normally caused by releasing 
the fuel into the combustion chamber and it indicates that the fuel is flowing through 
injector channels.  Since there is a delay period between the start of injection signal from 
the ECU requesting fuel and the actual nozzle needle lift, the demanded time by ECU is 
not the most accurate indication of the actual start of injection.  Furthermore, the actual 
physical drop in rail pressure is a better and more realistic indication for the start of 
injection since the response of the nozzle needle solenoid valve might vary slightly from 
case to case, and previous researchers have based their conclusions about fuel injection 




timing with biodiesel based on fuelling pressure as reported by Szybist et al. [ 67].  These 
results confirm the generally accepted idea that the fuel line pressure is a good indication 
of the fuel injection timing [ 68,  78].  While this is an accurate way to measure the 
comparative SOI, it is difficult to estimate the injection duration from the fuel pressure 
line. 
 
Figure  5.23 shows the actual SOI timing for all experimental conditions with all three fuel 
blends.  The results show that the SOI slightly retards with the increase biodiesel 
percentage in the blend during the lower load conditions of both speeds, and this variation 
is very small as it does not exceed 0.3°CA retardation with B50 compared to baseline 
diesel, and during the higher engine load conditions no significant change in SOI can be 
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Figure  5.23, Actual start of injection timing with different fuels and pedal position 
 
The little advancement in SOI in the case of baseline diesel fuel during lower load 
conditions is probably attributed to its lower viscosity and density compared to biodiesel 
fuel.  As discussed in section  5.3.3 of this chapter, the operation of electronic fuel injectors 
are mainly dependant on balancing forces on the injection needle by means of pressure 
drops through precise valve seats and orifices.  The fuel’s kinematic viscosity will have an 
impact on the response of the fuel injector by either quicker or slower passage through the 
injector channels.   





From these results, it can be concluded that the impact of biodiesel fuel on SOI can not be 
considered as significant which agrees with most of the published literature with common 
rail fuel injection system, refer to section  2.4.3 of chapter 2, and the difference in physical 
and chemical properties of biodiesel does not seem to have a significant effect on the 
performance of the common rail fuel injection system.   
 
5.7.3 Ignition Delay Investigation 
The ignition delay is the time or crank degrees between the start of injection and start of 
combustion.  The parameters that most affect ignition delay is temperature and pressure of 
the air during the delay period in addition to the CN of the fuel used [ 2].  Long ignition 
delays are not desirable due to the fact that large amounts vaporized fuel mixes with air 
during this period and burns rapidly giving a high rate of pressure rise.  As discussed in 
the literature review chapter 2 section  2.3.1, it is commonly known that the CN of 
biodiesel is generally higher than fossil diesel fuel due to the un-presence of aromatic 
compounds, which proposes that shorter ignition delay periods are expected with biodiesel 
fuels and its blends.   
 
In this experiment the ignition delay was determined by calculating the crank angle 
difference of the instantaneous rise in the heat release rate and the actual SOI value 
determined in the previous section.  The calculated crank angle degrees were then 
converted to milliseconds in order to account for engine speed.  The estimated ignition 
delay periods (crank angle and time) for all fuel blends during all engine operating 
conditions are plotted in Figure  5.24.  The ignition delay period is shorter during the 
higher load conditions due to the availability of higher amounts of fuel and consequently 
higher cylinder pressures and temperatures. 
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Figure  5.24, Estimated ignition delay, pilot off fixed pedal position 
 
Figure  5.24 also shows that the ignition delay time decreases slightly with increasing 
biodiesel blend during the lower pedal conditions, whereas it does not show any 
significant change during the higher pedal conditions.  The reduction in the ignition delay 
time in the lower pedal conditions corresponds to about 1° CA with B50 biodiesel 
compared to baseline diesel fuel, see Figure  5.24 top.  Even though the RME fuel used in 
this experiment does not have higher CN than baseline diesel fuel (CN of RME is 49.5 and 
for baseline diesel is 52.8, see Table  5.2 ), but it produces a shorter ignition delays.  This 
reduction in ignition delay with biodiesel is mostly attributed to better ignition quality of 
biodiesel as a result of its higher oxygen content compared to baseline diesel fuel, which 
became very beneficial during lower engine load conditions [ 17].   
 
From the combustion analysis of this section, it was noticed that the effect of deactivating 
the pilot injection was significant on the combustion performance during all engine 
operating conditions.  The percentage change in engine out emissions and performance 
when the pilot injection is deactivated is presented in the next section. 





5.7.4 Effect of Deactivation of Pilot Injection 
The impact of deactivating the pilot injection is more significant on biodiesel fuel 
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Figure  5.25, percentage change in engine out emissions with deactivated pilot injection compared to 
the standard calibration 
 
The emissions of CO and HC significantly increases by deactivating pilot injection, but 
with higher percentages in case of biodiesel fuel blends especially during lower load 
conditions due to the deterioration in the combustion process.  Even during the higher load 
conditions where the combustion process was more efficient, the engine produced higher 




amounts of CO and HC emissions with B25 and B50 blends compared to baseline diesel 
fuel.  These results really emphasise that losing the pilot injection has more impact on the 
combustion process with biodiesel especially when the engine is operated at lower load 
conditions.  The combustion of the fuel injected in the pilot injection process contributes 
very strongly to the overall combustion strategy, because it does effectively “warm up” the 
combustion chamber so the main injection vaporizes more quickly and decreases the 
ignition delay.  As a result, losing the pilot injection will slow down the vaporization 
process of the fuel and the impact will be even more significant on higher viscosity and 
slower atomized biodiesel fuel blends. 
 
The analysis of the engine output power also revealed that by deactivating the pilot 
injection, the power produced by the engine dropped dramatically with all fuels and higher 
reduction is seen with biodiesel blends, see Figure  5.26.  This bar chart clearly shows the 
huge impact of deactivating the pilot injection on the engine power during lower load (low 
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Figure  5.26, the reduction in engine power due to the deactivation of pilot injection for all fuel blends 
at all operating conditions 
 
The highest drop in engine power was during 2250 RPM and 15% pedal conditions, where 
it dropped by an average of 80% for all fuel blends.  This is probably due to the vital role 
of pilot injection in conditioning the cylinder by raising its temperature and pressure 




before the main injection for quicker and more complete combustion which is more 
significant during higher engine speeds.  Also the amount of fuel volume lost, as a 
proportional to the total volume, by deactivating the pilot is more significant at 15% pedal 
and 2250 RPM engine speed conditions due to higher engine power produced at this speed 
compared to the 1500 RPM and 9% pedal.   
 
During the 1500 RPM and 9% pedal, the drop in engine power was the worse for B50 
compared to the baseline diesel fuel because this low temperature and pressure condition 
creates the worst case scenario for the higher flash point B50 biodiesel.  In addition the 
recorded rail pressure at this speed and load is around 500 bars only compared to all other 
engine operating conditions, which are around 900 bars.  The lower rail pressure will have 
more negative impact on more viscose biodiesel fuels as a result of lower atomization 
efficiency.  However, at the higher load conditions the impact of losing the pilot injection 
is less significant due to the already higher pressure and temperatures conditions of the 
cylinder in, addition to the fact that the fuel volume lost is considered a very little portion 
to the total volume of fuel at these high load conditions. 
 
Several factors might be attributing to this reduction in engine power and deterioration in 
the combustion process when the pilot injection is deactivated.  The first factor is the 
reduction in total amount of fuel injected during each stroke, even though the amount of 
fuel injected by the pilot is very little but its ratio to the total amount will be significant 
during lower load conditions.  Secondly loosing the benefits of pilot injection which is 
raising the cylinder pressure slightly due to the combustion of the fuel and therefore the 
heat within the cylinder also rises, and again this will have higher impact during lower 
load conditions.  The third possible factor might be that the engine is not optimized to 
operate without pilot injection, and further modification of engine map could improve the 
situation. 
 





The aim of this experimental work was to investigate the combustion behaviour of two 
different blends of biodiesel (B25 and B50) compared to the baseline diesel fuel when the 
engine is operated at two different load and speed conditions.  The following conclusions 
are drawn from this study: 
 
• The cylinder pressure profiles of the biodiesel blends are very similar to the 
baseline diesel fuel, and both biodiesel blends experience very similar combustion 
phases or stages as the baseline diesel fuel when similar loads are demanded from 
a standard calibration diesel engine.  Earlier SOC of the pilot fuel by 0.5-1.0° CA 
with B50 biodiesel compared to baseline diesel fuel is observed, but the SOC of 
the main charge did not show any significant variations for all fuel blends. 
• A slightly quicker rise in the rate of heat release and higher peak values were 
observed with biodiesel blends compared to baseline diesel fuel at most of the 
engine operating conditions, most likely caused by improved ignitability of 
biodiesel due to increased oxygen content and higher rail pressures seen with 
biodiesel fuels.  
• The fuel demand increased with increasing blend ratio at all experimental 
conditions to compensate for the reduced LHV of biodiesel.  The percentage 
increase in fuel demand at the lower load conditions was 10-16% and during the 
higher load conditions was 6-8% for a B50 blend.  This fuel consumption penalty 
was greater than would be expected due to calorific value alone and is likely as a 
consequence of reduced atomization and evaporation of biodiesel fuels during 
lower operating conditions.   
• The maximum cylinder pressure decreased slightly (1-2%) with biodiesel when the 
engine was operated at pedal positions matched to those for diesel fuel.  The SOC 
did not show any significant variations with biodiesel compared to baseline diesel.   
• The use of biodiesel blends reduced the engine output power compared to baseline 
diesel fuel. Using B50 reduced the engine power by up to 14% and 8% during the 
lower and higher pedal positions respectively. 




• By deactivating the pilot injection the actual SOI was determined; it slightly 
retarded with biodiesel during the lower load conditions with both speeds, and the 
variation was very small and did not exceed 0.3° CA with B50 compared to 
baseline diesel, during the higher engine load conditions no significant change in 
SOI could be observed.  The ignition delay time decreased slightly with biodiesel 
during the lower pedal conditions, whereas it did not show any significant change 
during the higher pedal conditions.  The reduction in the ignition delay time 
corresponded to about 1° CA with B50 biodiesel compared to baseline diesel fuel 
which most likely attributed to better ignition quality of biodiesel as a result of its 
higher oxygen content compared to baseline diesel fuel.  This investigation also 
emphasised that deactivating the pilot injection had more adverse impact on the 
engine performance and emissions with biodiesel fuel especially when the engine 
is operated at lower load conditions due to the critical role of the pilot injection on 
the overall combustion strategy.   
• In general, the engine out CO emissions reduced with biodiesel at all engine 
operating conditions, with the reduction varying according to engine speed and 
load.  On average, the CO reduction with B50 fuel was approximately 23% 
compared to the baseline diesel fuel.  Similarly, the engine out HC emissions 
reduced with biodiesel use at all engine operating conditions except for the high 
speed and high load condition where no significant change was observed.  The 
variation in HC emissions was significantly influenced by engine speed and load, 
with the average reduction in HC emissions, with a B50 blend, being 
approximately 35% compared to the baseline diesel fuel.  The NOX emissions 
showed an increasing trend as the percentage of biodiesel increased in the blend at 
all engine operating conditions.  The average percentage increase in NOX 
emissions for B50 was approximately 13% compared to baseline diesel fuel. 
 
 




Chapter 6  Biodiesel Engine Calibration Sensitivity 
 
6.1 Introduction 
Engine calibration is the method that is used to optimise engine performance, durability 
and emissions.  This is undertaken by tuning the engine governing parameters by 
modifying the ECU mapping data.  Work reported in chapters three and five has shown 
that biodiesel fuel has, in certain cases, a negative effect on power, fuel economy and 
emissions.  The aim of the work reported in this chapter is to assess the sensitivity of the 
Ford Puma 2.0 litre turbocharged diesel engine, equipped with common rail fuel injection 
system to calibration changes with a B25 biodiesel and compare it with the results for 
baseline fuel.  Understanding the effect of changes on the performance and emissions may 
aid engineers to optimize the engine for biodiesel use.  This study has been performed by 
adjusting a number of the main engine parameters such as EGR value, fuel line rail 
pressure, and both main and pilot injection timing.   
 
6.2 Approach 
This work was carried out within the Powertrain and Vehicle Research Centre (PVRC) in 
the Department of Mechanical Engineering at the University of Bath.  The approach to 
determine the sensitivity of the diesel engine to calibration changes with B25 was to 
operate the engine whilst adjusting a number of the main parameters compares the results 
with the standard calibration.  The engine was operated with both B25 and baseline diesel 
fuel at 1500 RPM and two fixed pedal positions of 10% and 17%, and at the 2250 RPM 
with two fixed pedal positions of 15% and 22% representing low and mid-high loads.  The 
investigation was carried out with the following calibration adjustments: 
• Perform a wide range swing in EGR compared the standard calibration plus setting 
it zero value. 
• Vary the fuel system rail pressure by a factor of ± 10% compared to the standard 
calibration. 




• Swing the main injection timing demand by advancing and retarding the standard 
demand time by 2° CA. 
• Finally, vary the pilot injection timing by advancing and retarding it from the main 
calibration by a factor of 2° CA. 
 
6.3 Varying the EGR Rate 
Recirculation of the exhaust gas into the engine involves the replacement of oxygen and 
nitrogen with mainly carbon dioxide from the engine exhaust.  As a result, it reduces the 
oxygen concentration of the intake mixture, which results in lower NOX due to lower 
combustion temperature, but excess rates of EGR could reduce the combustion efficiency 
and increase CO and HC emissions [ 2].  However, biodiesel is an oxygenated fuel and it 
undergoes improved combustion in the engine due to the presence of molecular oxygen 
which also leads to higher NOX emissions [ 4,  7,  10,  24, and  64].  Thus, using EGR with 
biodiesel could be more beneficial in reducing NOX emissions without or less emission 
penalties as reported by a number of studies [ 70,  102- 106].  The pedal position was fixed 
for all fuel blends during all operating conditions and the EGR value fraction passing into 
the combustion chamber was controlled by both adjusting the EGR valve position and 
altering the rate of mass air flow (MAF) through the ECU calibration tool (ATI vision).  
The variations in EGR percentage investigated were around 10% higher and 10% lower 
than the standard calibration in addition to setting the EGR value to zero for both fuel 
blends during all engine operating conditions.   
 
6.3.1 1500 RPM 10% pedal 
The effect of EGR swings on engine performance and emissions during the 1500 RPM 
and 10% pedal position are shown in Figure  6.1.  The standard calibration calls for an 
EGR value of 47% for this operating condition, and increasing the EGR rate increases the 
engine out emissions of both CO and HC significantly in addition to a reduction in engine 
torque and NOX emissions.   
 


































































Standard EGR = 47 %
 
Figure  6.1, the effect of EGR swing on the engine torque and emissions for the 1500 RPM and 10% 
pedal position 
 
This indicates a possibility of further deterioration in the combustion process by 
increasing the EGR rate.  This is caused by a further compromise reduction of oxygen 
inside the combustion chamber due to very high amount of EGR being re-circulated which 
contains a great deal of unburned hydrocarbons and products of partial combustion, and 
this excessive amount of EGR might also lead to extremely unstable combustion and even 
misfiring.  Even though increasing the EGR amount deteriorates the combustion and 




reduces engine torque by 32 % with both fuels at the condition, but the engine out 
emissions show slightly lower sensitivity with B25 compared to the baseline diesel fuel, 
which is most probably caused by higher oxygen content of biodiesel fuels. 
 
The deterioration of the combustion with increasing EGR amount is clearly evident by 
analysing both the rate of heat release and cylinder pressure curves plotted in Figure  6.2.   
 
Engine Speed: 1500 RPM 
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Figure  6.2, the effect of EGR variation on (a) rate of heat release and (b) cylinder pressure at 1500 
RPM and 10% pedal position 
 
Only in the case of EGR increase, the rate of heat release starts earlier with B25 compared 
to the baseline diesel fuel whereas during the standard condition and when EGR is 
reduced, the B25 fuel shows a more delayed trend.  Also with increasing EGR, the 
cylinder pressure curve of B25 matches the baseline diesel fuel curve.   





However, with the EGR value tuned to a lower rate, the engine output performance and 
emissions of CO and HC improved for both fuel blends with a penalty of increase in NOX 
emission resulted from higher combustion efficiency and higher cylinder pressure and 
temperature compared to the standard calibration, with slightly lower response from B25.  
In the mean time, the engine out performance and emission response to EGR reduction 
shows very similar sensitivity with both fuels compared to the standard calibration.  
Finally, shutting the EGR valve completely improved the combustion efficiency 
significantly by reducing both CO and HC emissions for both fuels, and the higher 
combustion pressures and temperatures also caused significant increase in NOX emissions.  
However, closing the EGR valve completely improved the engine output torque very 
slightly which might be attributed to loosing a great amount of thermal heat energy which 
is very effective during such a low operating condition.  The engine performance and 
emissions response to closing the EGR valve was very similar with B25 and the baseline 
diesel fuels. 
 
6.3.2 1500 RPM 17% pedal 
The investigation results of the higher pedal position of the 1500 RPM engine speed 
versus EGR variations are shown in Figure  6.3.  The standard EGR rate during this 
operating condition was about 16% and the impact of EGR variation shows very similar 
trends to the 10% pedal condition.  Increasing the EGR value over the standard calibration 
increases the engine out emission of CO with both fuels however; the percentage increase 
was 70% lower with B25 compared to baseline diesel fuel.  Similarly, higher percentage 
reduction of HC emissions (10% higher) were observed with B25 compared to the 
baseline diesel fuel.  The engine out NOX emission shows slightly higher percentage 
reduction in case of the baseline diesel fuel when the EGR rate was increased compared to 
B25, and the engine out torque reduced by 3.5% with baseline diesel fuel whereas it does 
not show any change with B25.  This indicates that the impact of increasing the EGR 
value is less significant on the combustion process in case of B25 compared to the 
baseline diesel with a benefit of significant reduction in HC and NOX emissions, which is 
most probably caused by higher oxygen content of biodiesel fuels.   








































































Figure  6.3, the effect of EGR swing on the engine torque and emissions for the 1500 RPM and 17% 
pedal position 
 
Increasing the EGR rate generally reduced the combustion pressure and reduced the peak 
cylinder temperature and rate of heat release as shown in Figure  6.4.  The rate of heat 
release shows earlier rise with baseline diesel fuel when EGR is increased, but the curve 
corresponds to B25 quickly catches up and reaches higher peak values compared to 




baseline diesel fuel which probably explains the higher percentage increase in NOX 
emissions.   
 
Engine Speed: 1500 RPM  
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Figure  6.4, the effect of EGR variation on (a) rate of heat release and (b) cylinder pressure at 1500 
RPM and 17% pedal position 
 
On the other hand, reducing the EGR rate shows similar impact on engine out 
performance and emissions seen in the previous condition, and it is very similar with both 
fuels.  The engine output emissions of CO and HC improved with both fuels with a 
penalty of significant increase in NOX emission probably resulted from higher combustion 
cylinder pressure and temperature compared to the standard calibration.  In the mean time, 
the improvement in engine out performance with EGR reduction is very low compared to 
the standard calibration.  Finally, closing the EGR valve completely had very similar 
impact on the engine out emissions when engine was running with both fuels with hardly 
any benefits on engine out torque very similar to the previous engine operating condition 
with further increase in NOX emissions. 





6.3.3 2250 RPM 15% pedal 
The effect of adjusting the EGR rate on engine out emissions and performance during this 
higher engine speed and 15% pedal condition are shown in Figure  6.5.   
 































































Figure  6.5, the effect of EGR swing on the engine torque and emissions for the 2250 RPM and 15% 
pedal position 
 




The standard calibration for the lower pedal condition calls for 38% EGR to be recycled 
back to the inlet manifold.  Increasing the EGR rate leads to significant increase in both 
CO and HC emissions in addition, to a steep reduction engine out torque with both fuels.  
This indicates further deterioration in the combustion process with a slight benefit of NOX 
reduction due to the expected declination in combustion pressures and temperatures.  The 
impact of increasing the EGR is almost the same with both fuels compared to the standard 
calibration.   
 
Decreasing the EGR rate shows similar response to the lower engine speed condition, and 
same the impact for both fuels.  Finally, shutting off the EGR valve completely slightly 
improved the combustion efficiency by reducing both CO and HC emissions with an 
addition increase in NOX emission without any benefits in engine output torque.  As a 
matter of fact, the engine output torque reduces slightly with both fuel blends in spite of 
the expected better combustion efficiency which could be attributed the loss of thermal 
heat energy from EGR during this low power engine operating condition.   
 
6.3.4 2250 RPM 22% pedal 
The investigations of the higher pedal position of the 2250 RPM engine speed versus EGR 
variations are shown in Figure  6.6.  The standard EGR value during this operating 
condition was about 14%, and an increase in EGR value resulted in a slight increase in the 
CO emissions.  The HC emissions showed a little drop with both fuels with slightly higher 
percentage decrease in case of B25 compared to the standard calibration.  The NOX 
emissions and engine output torque showed a similar percentage decrease with both fuels 
compared to the results from the standard EGR rate.   
 







































































Figure  6.6, the effect of EGR swing on the engine torque and emissions for the 2250 RPM and 22% 
pedal position 
 
On the other hand, reducing the EGR rate does not seem to produce any advantages of 
B25 over the baseline diesel fuel, since both fuels show very similar impacts on the engine 
performance and emissions compared to the standard calibration, and similar results were 
obtained when the EGR rate was set to zero. 
 




6.4 Varying Rail Pressure  
The fuel injection equipment (FIE) used in this investigation is a common rail fuel 
injection system as detailed in the previous chapter.  The main advantage of theses 
systems is the flexibility in adjusting the rail pressures for different operating conditions to 
achieve optimum fuel/air mixing and engine performance and emissions.  Altering the 
injection pressure is expected to effect the spray atomization and penetration of the 
injected fuel depending on the fuel’s chemical and physical properties such as viscosity 
and surface tension.  In this experimental procedure, the rail pressure was varied by 
changing the value of the multiplier in the engine ECU through the ECU calibration tool 
(ATI vision).  The variations in rail pressures investigated were 10% higher and 10% 
lower than the standard calibration for both fuel blends during all engine operating 
conditions.   
 
6.4.1 1500 RPM 10% pedal 
The effect of varying the rail pressure on the engine out emissions and performance during 
the 1500 RPM and low pedal condition are shown in Figure  6.7, and the standard rail 
pressure demanded by engine ECU is around 550 bar.  Increasing the rail pressure causes 
the CO and HC emissions to increase for both the baseline and B25 fuels compared to the 
standard rail pressure, also a reduction in NOX emissions can be clearly observed as the 
rail pressure increases.  However, it is clearly noticeable that the impact of increasing the 
rail pressure is less significant on engine out emissions in case of B25 compared to the 
baseline diesel fuel.  The percentage increase in CO and HC emissions is significantly 
lower with B25 compared to baseline diesel fuel, in addition to lower reductions in NOX 
emissions.  However, the percentage increase in engine torque is slightly higher with B25 
compared to baseline diesel fuel when rail pressure increased by 10%.   
 
Increasing the rail pressure improves the fuel atomization process in the case of the higher 
viscosity biodiesel fuel which was also reported by Karra et al. [ 95]; this is more 
pronounced with the effect on baseline diesel fuel less significant.  On the other hand, the 
engine out torque shows a slight increase as the rail pressure increases with both fuels 




which is what anticipated due to the better fuel atomization process leading to more 
efficient combustion.   
 



































































Standard Rail Pressure = 550 bar
 
Figure  6.7, the effect of rail pressure swing on the engine torque and emissions for the 1500 RPM and 
10% pedal position 
 
Varying the rail pressure value will subsequently cause the engine ECU to recalculate the 
injection duration in order to maintain the same fuel quantity delivered.  The ECU adjusts 




the injection duration by controlling the current passing through the injector solenoid 
valve.  The demanded injection duration is shown by plotting the solenoid valve voltage 
versus cycle crank angle.  Figure  6.8 shows the variations in injection duration with 
adjusting rail pressures.  The variations in the voltage values between baseline diesel and 
B25 fuels are due to different current clamp range settings, and are only used to define 
injection timing and duration.  The magnitude of the signal does not impact on these 
parameters. 
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Figure  6.8, the effect of rail pressure swing on fuel injection durations at the 1500 RPM and 10% 
pedal position 
 
Thus higher quantities of fuel are injected in shorter periods of time when rail pressure is 
increased to keep the total amount injected similar to the standard fuel quantity calculated 
by the ECU which also explains, at least in part, the slight increase in the engine out 
torque.  On the other hand, higher injection rates could also increase the CO and HC 
emissions due to either the effect of charge cooling during such a low load and speed 
conditions, or the effect of cylinder wall wetting caused by higher spray penetration [ 130].   
 
Finally reducing the rail pressure causes further deterioration in the combustion process 
since it reduces the fuel atomization and evaporation process inside the combustion 
chamber for both fuel blends.  Surprisingly, the B25 was less affected by this reduction in 
the rail pressure.   





6.4.2 1500 RPM 17% pedal 
During the higher pedal condition of 1500 RPM engine speed, increasing the rail pressure 
improved the combustion process for both fuels with an expected increase in NOX 
emissions as a trade off, see Figure  6.9.   
 



































































Figure  6.9, the effect of varying rail pressure on the engine torque and emissions for the 1500 RPM 
and 17% pedal position 





Increasing the rail pressure at this condition benefits the B25 fuel, where the percentage 
reduction in HC emission is higher compared to the baseline diesel fuel in addition to 
lower percentage increase in NOX emissions.  The percentage increase in engine out 
torque is very similar with both fuels when the rail pressure is increased by 10% compared 
to the standard calibration.  The improvement in the combustion process is clearly evident 
in Figure  6.10, which shows higher cylinder pressure curves and earlier start of 
combustion as the rail pressure increases with both fuels.  The higher injection pressure 
achieves a high degree of atomization which enables sufficient evaporation to help reduce 
the higher viscosity draw back of biodiesel fuel blends.   
 
Engine Speed: 1500 RPM  
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Figure  6.10, effect of rail pressure variation on (a) rate of heat release and (b) cylinder pressure at 
1500 RPM and 17% pedal position 
 




Reducing the rail pressure caused a reduction in CO and HC emissions and increased the 
NOX emissions with both fuels.  Also, it appears from Figure  6.9 that the reduction in 
engine power is less significant when the engine is fuelled with B25 compared to the 
baseline diesel fuel, since reducing the rail pressure lowers cylinder pressure and slows the 
burn rate as in Figure  6.10.   
 
6.4.3 2250 RPM 15% pedal 
The effect of rail pressure swing on the engine torque and emissions during the 2250 RPM 
and 15% pedal position are shown in Figure  6.11.  Increasing the rail pressure caused the 
CO emissions to increase by 7% in case of baseline diesel, and decrease by 1% with B25 
compared to the standard rail pressure.  Similarly, the HC emissions increased by 8% in 
case of baseline diesel and decrease by 10% with B25 when rail pressure increased, and 
the NOX emissions dropped by 7% and increased by 4% with baseline diesel and B25 
fuels respectively.  The engine output torque was increased by 15% with both fuels by 
increasing the rail pressure compared to the standard calibration.  These results suggest 
that increasing the rail pressure improved the combustion efficiency of the engine when 
fuelled with B25 and suffered the lowest emission impact compared to baseline diesel 
fuel.   
 
Increasing the rail pressure advances the start of combustion and produces higher pressure 
curve with B25 compared to baseline diesel, Figure  6.12.  The higher injection pressure at 
this higher engine speed condition is more critical to achieve higher degree of atomization 
to enable quicker fuel evaporation especially in case of B25, in addition to the oxygen 
content which enables quicker start of combustion.   
 
The sensitivity of the engine performance and emissions to the reduction in rail pressure is 
very similar to the first operating condition of 1500 RPM and 10% pedal condition.  It 
shows further deterioration in the combustion process since it reduces the fuel atomization 
and evaporation process inside the combustion chamber for both fuels, and surprisingly 
the B25 is less affected by this reduction in the rail pressure.   





































































Figure  6.11, the effect of rail pressure variation on the engine torque and emissions for the 2250 RPM 
and 15% pedal position 
 




Engine Speed: 2250 RPM 
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Figure  6.12, effect of rail pressure variation on (a) rate of heat release and (b) cylinder pressure at 
2250 RPM and 15% pedal position 
 
6.4.4 2250 RPM 22% pedal 
During this operating condition, increasing the rail pressure improved the combustion 
process for both fuel blends with a slight increase in NOX emissions, Figure  6.13.  The 
sensitivity impact of increasing the rail pressure during this operating condition is very 
similar with both fuels in terms of engine out emissions and performance compared to the 
standard calibration.  The same discussion for the lower speed condition is valid here as an 
explanation of the effect of rail pressure increase on the engine out performance and 
emissions.  The CO emissions reduced by about 5%, the HC emissions reduced by 35% 
and the NOX emission was increased by 20% with both fuels by increasing the rail 
pressure compared to the standard calibration.  The percentage increase in engine output 
torque was also very close for both fuels compared to the standard calibration.  These 
results suggest that increasing the rail pressure benefited the engine performance exactly 
the same with both fuels.  Also reducing the rail pressure had very similar impact with 




fuels compared to the standard calibration as a result of expected lower fuel atomization 
and slower fuel burn rate. 
 






























































Figure  6.13, the effect of rail pressure variation on the engine torque and emissions for the 2250 RPM 
and 22% pedal position 
 




6.5 Varying Main Injection Timing 
The objective of this part of the investigation was to understand the effect of varying the 
main fuel injection timing on the engine performance and exhaust emissions when the 
engine is operated with B25 and compare it to the baseline diesel fuel.  Fuel injection 
timing is considered one of the major parameters that affect the combustion and exhaust 
emissions of diesel engines.  The main injection timing was varied by directly changing 
the value of the adder corresponds to the injection timing in the engine ECU map input.  
The injection timing was advanced and retarded by 2° CA relative to the standard 
calibration for all fuel blends during all the selected engine operating conditions.   
 
6.5.1 1500 RPM 10% pedal 
The standard calibration calls for injection timing of 4.1° CA after top dead centre 
(ATDC) during this operating condition, and the advanced and retarded injection timings 
were set at 2.1° ATDC, and 6.1° ATDC respectively.   
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Figure  6.14, the effect of main injection swing on fuel injection durations at the 1500 RPM and 10% 
pedal position 
 
Swinging the main injection timing adjusts the pilot injection timing at the same time with 
similar crank angle degrees as shown in Figure  6.14, keeping the duration angle between 
them the same all the time.  The effects of swinging the injection timing on engine out 
emissions and performance for the 10% pedal position are shown in Figure  6.15.   
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Timing = 4.1° ATDC 
 
Figure  6.15, the effect of main injection timing variation on engine out emissions and performance at 
1500RPM and 10% pedal 
 
Advancing the injection timing to 2.1° ATDC, in other words earlier injection, has 
brought the engine out emissions of B25 to match those of baseline diesel fuel.  The CO 
emissions increased by 14% in case of baseline diesel and on the other hand did not show 
any difference in case of B25.  Similarly, advancing the main injection timing increased 
the HC emission by 27% for the baseline diesel and was reduced by 8% for B25 compared 




to the standard calibration.  Whereas the NOX emissions showed a slight increase with 
B25 and a slight reduction with baseline diesel compared to the standard calibration when 
the injection was advanced, and did not show a significant impact on the engine output 
torque with both fuels.  The cylinder pressure and rate of heat release curves for this 
operating condition are shown in Figure  6.16.   
 
Engine Speed: 1500 RPM 
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Figure  6.16, effect of main injection variation on (a) rate of heat release and (b) cylinder pressure at 
1500 RPM and 10% pedal position 
 
Figure  6.16 shows that advancing the injection timing to 2.1° ATDC, has advanced the 
SOC closer to the TDC which is probably what have caused the improvement in the 
combustion process.  It has also matched the SOC of both fuels which probably accounts 
for better emission results from B25 fuel.  Obviously further retarding the injection timing 
away from TDC deteriorates the combustion performance further and reduces engine 
output torque.  The B25 shows less sensitivity to this retardation in main injection 
probably due to higher oxygen content compared to baseline diesel fuel.   





6.5.2 1500 RPM 17% pedal 
During this operating condition the demanded main injection for the standard calibration 
is 3.9° ATDC, and the advanced and retarded injection timings were set at 1.9° ATDC and 
5.9° ATDC respectively, Figure  6.17.   
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Figure  6.17, the effect of main injection timing swing on engine out emissions and performance at 
1500RPM and 17% pedal 





Advancing the injection timing to 1.9° ATDC reduced the engine out CO emissions by 6% 
and 10% for the baseline diesel and B25 fuels respectively.  Also, the HC emissions were 
reduced by 26% and 24% for the baseline diesel and B25 fuels respectively compared to 
the standard calibration as a result of better combustion efficiency when the fuel is 
injected into higher pressure and temperature conditions whereas the NOX emissions 
increased by about 34% and 30% for the baseline diesel and B25 fuels respectively 
compared to the standard calibration.  In the mean time, earlier injection did not seem to 
affect the engine output torque with baseline diesel fuel, but it did increase by 4% with 
B25.   
 
On the other hand, further retarding the injection timing has reduced the engine out 
emissions of CO and HC and the percentage reduction is very similar with both fuels.  
However, the NOX emissions reduced by 9% with B25 and no significant change were 
observed with the baseline diesel fuel without any major change in engine out torque.  To 
investigate the effect of injection timing swing on combustion process, the cylinder 
pressure and rate of heat release curves were investigated, see Figure  6.18.   
 
Retarding the injection timing is a common technique used to reduce engine out NOX 
emissions [ 130] which appears to be more beneficial for B25 fuel during this operating 
condition.  Furthermore, retarding the injection timing leads to have smoother combustion 
process with longer combustion durations and lower cylinder pressure peaks which leads 
to lower NOX emissions during this condition.  Retarding the main injection has reduced 
the engine out emissions of CO and HC with both fuels by 10% and 25% respectively.  
The NOX emissions dropped by 9% with B25 and increased by 2% with the baseline 
diesel fuel without any significant impact on the engine out torque.   
 




Engine Speed: 1500 RPM  
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Figure  6.18, effect of main injection variation on (a) rate of heat release and (b) cylinder pressure at 
1500 RPM and 17% pedal position 
 
6.5.3 2250 RPM 15% pedal 
The effect of fuel injection timing swing on the engine out emissions and performance 
during this operating condition are shown in Figure  6.19.  The standard injection timing is 
3.9° ATDC, and the advanced and retarded injection timings were 1.9° ATDC, and 5.9° 
ATDC respectively.  Advancing the injection timing improved the combustion 
performance significantly with both fuels and the overall values of CO, HC were reduced 
significantly similar to the 1500 RPM 10% pedal condition.  But this resulted in a 
significant penalty, NOX emissions increased by 30% and 23% for the baseline diesel and 
B25 respectively compared to the standard calibration.  The CO emissions reduced by 
13% and HC emissions reduced by 31% for both baseline diesel and B25 fuels, and the 
improvement in the engine output torque is 5% and 16% for the baseline diesel and B25 
fuels respectively compared to the standard injection timing.  The sensitivity of engine 
performance and emissions to this advancement in main injection timing was more 




beneficial with B25 compared to baseline diesel due to its lower percentage increase in 
NOX emission and higher percentage increase in engine out torque. 
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Figure  6.19, the effect of main injection timing swing on engine out emissions and performance at 
2250RPM and 15% pedal 
 




Retarding the injection timing during this high speed condition deteriorates the 
combustion performance significantly and engine output torque reduces by more than 25% 
and the impact on the engine out torque and emissions is very similar with both fuels.   
 
6.5.4 2250 RPM 22% pedal 
The standard injection timing for the test engine at this operating condition is 3.4° ATDC, 
and the advanced and retarded injection timings were set at 1.4° ATDC, and 5.4° ATDC 
respectively.  The effect of adjusting the injection timing on engine out emissions and 
performance are shown Figure  6.20.   
 
The observation from Figure  6.20 is that the sensitivity of engine performance and 
emissions to variations in main injection timing is very similar with both fuels.  
Advancing the injection timing improves the engine performance and emissions except for 
NOX.  The change in engine out emissions are very similar with both fuels, however the 
percentage increase in engine out torque is slightly higher with B25.  The engine output 
torque increased by 4% with B25 but did show any significant change with baseline diesel 
fuel when the injection timing was advanced.   
 
Similar to the 1500 RPM and 17% pedal condition, further retarding the injection timing 
does not seem to change the engine performance with reduction in engine out emissions 
compared to the standard calibration.  Both fuels showed similar reduction in engine out 
emissions of CO and HC by 6% and 24% respectively when injection timing was retarded 
compared to the standard injection timing, the engine out NOX emissions reduced by 3% 
with B25 but did not show any significant change with baseline diesel fuel.   
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Figure  6.20, the effect of main injection timing variation on engine out emissions and performance at 
2250RPM and 22% pedal 
 
6.6 Varying Pilot Injection Timing 
The objective of this experimental investigation was to analyse the sensitivity of the 
engine performance and emissions when fuelled with B25 to changes in pilot injection 
timing, and compare the results to baseline diesel fuel.   
 




The pilot injection timing is varied through the ECU calibration tool (ATI vision) by 
changing the value of the pilot injection timing adder.  The variations in the pilot injection 
timing to be investigated are +2° CA and -2° CA from the standard calibration with both 
fuels during all engine operating conditions.   
 
6.6.1 1500 RPM 10% pedal 
Varying the pilot injection timing through the ATI adder produced new injection signals 
from the engine ECU to the injector solenoid valve.  The ECU adjusts the injection timing 
by controlling the current passing through the injector solenoid valve.  The demanded 
injection timings for both pilot and main injection are shown by plotting the solenoid 
valve voltage versus cycle crank angle.  Figure  6.21 clearly shows the variations in the 
pilot injection with constant main injection timing for both fuels.   
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Figure  6.21, ECU demand injection signal with variations of pilot injection timing at the 1500 RPM 
and 10% pedal position 
 
The effect of swinging the pilot injection timing on engine out emissions and performance 
for the 10% pedal position is shown in Figure  6.22.  It is clearly noticeable and expected 
that the engine is better optimized to run with baseline diesel fuel with standard 
calibration, the engine is producing less CO and HC emissions with slightly higher NOX.  
Advancing the pilot injection timing by 2° CA, in other words earlier pilot injection, 
increased engine out CO emissions by 52% with both fuels compared to the standard 




condition, and more than 100% increase HC emissions.  On the other hand, advancing the 
pilot injection timing reduced the NOX emissions by 50% and 45% and increased engine 
output torque by 45% and 40% with baseline diesel and B25 fuels respectively.   
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Figure  6.22, the effect of pilot injection timing variation on engine out emissions and performance at 
1500RPM and 10% pedal 
 




Retarding the pilot injection timing by 2° CA reduced engine output torque drastically 
(more than 30%) with both fuels, but the impact is slightly higher in the case of baseline 
diesel fuel which brings its value very close to the B25 fuel.  The NOX emissions 
increased by 9% and decreased by 6% with B25 and baseline diesel fuels respectively 
compared to the standard calibration.  The CO emissions reduced by 20% and 10% with 
B25 and baseline diesel respectively compared to the standard calibration, and HC 
emission decreased by 20% in the case of B25 and did not show any change with baseline 
diesel fuel.  To investigate the effect of injection timing swing on the combustion process, 
the cylinder pressure and rate of heat release curves for this operating condition are plotted 
in Figure  6.23. 
 
Engine Speed: 1500 RPM 
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Figure  6.23, the effect of pilot injection timing variation on (a) rate of heat release and (b) cylinder 
pressure at 1500 RPM and 10% pedal position 
 
Advancing pilot injection timing has retarded the main combustion compared to the 
standard calibration as shown by the delayed rate of heat release curves of both fuels.  
Earlier pilot will expand the duration period between the pilot injection and main 




injection, thus increase the available time for the fuel to over mix and lead to a formation 
of excessive lean air-fuel mixture, resulting in higher CO and HC emissions observed in 
Figure  6.22 [ 130].  The delayed combustion and more expanded heat release curve 
probably explain the higher engine output torque produced, and the reduction in 
combustion pressures justifies the lower NOX emissions as the pilot injection timing 
advanced.  The combustion of B25 is further delayed and shows even slower rate of heat 
release profile and higher percentage reduction in cylinder pressure compared to the 
baseline diesel fuel which is probably due to a compromised atomization and evaporation 
process. 
 
On the other hand, retarding the pilot injection timing advances the main combustion 
slightly because it shortens the duration between the pilot and main injections.  The earlier 
combustion is due to the fact that the pilot fuel is still burning when the main injection 
occurs.  Quicker and less expanded rate of heat release curve explains the reduction in 
engine output torque and the increase in NOX emissions.  B25 fuel shows less sensitivity 
to the pilot injection retardation, the CO and HC emissions show higher percentage 
reduction with slight increase in NOX compared to baseline diesel in addition to lower 
reduction in engine out put torque.   
 
6.6.2 1500 RPM 17% pedal 
The effect of swinging the pilot injection timing on engine out emissions and performance 
for the 17% pedal position is shown in Figure  6.24.  The first impression from this plot is 
that increasing or decreasing the pilot injection timing does not seem to improve the 
engine performance or emissions during this operating condition, both cases show 
significant increase in NOX emissions and a drop in engine output torque.  The HC 
emissions show a significant drop in both cases, but the CO emissions increase and 
decrease with advanced and retarded pilot injection timing respectively.  The impact of 
advancing the pilot injection timing is less significant on engine out performance, CO, and 
HC emissions with B25 compared to the baseline diesel fuel; however the percentage 
increase in NOX emission is slightly higher with B25 compared to baseline diesel fuel.  
 







































































Figure  6.24, the effect of pilot injection timing variation on engine out emissions and performance at 
1500RPM and 17% pedal 
 
Similar to the previous condition, retarding the pilot injection timing advances the main 
combustion slightly due to the fact that it is injected closer to TDC and temperatures are 
higher during this higher load condition, which explains lower engine out emissions of 
both CO and HC.  The B25 fuel shows less sensitivity to the pilot injection retardation, the 
CO and HC emissions show higher percentage reduction with slight increase in NOX 
compared to baseline diesel.   





6.6.3 2250 RPM 15% pedal 
The effect of swinging the pilot injection timing on engine out emissions and performance 
for the 2250 RPM 15% pedal position is shown in Figure  6.25.   
 































































Figure  6.25, the effect of pilot injection timing variation on engine out emissions and performance at 
2250RPM and 15% pedal 
 




Similar to the previous condition, varying the pilot injection timing does not seem to 
improve the engine performance or emissions during this operating condition, significant 
reduction in engine output torque in addition to general increase in all emissions can be 
observed.   
 
Advancing the pilot injection timing clearly deteriorates the combustion process which is 
concluded from the increase in CO and HC emissions and a significant drop in engine 
power.  The rate of heat release and cylinder pressure curves for this operating condition is 
shown in Figure  6.26.  Unlike the lower engine speed condition, advancing the pilot 
injection did not retard the start of main combustion process probably due to less time 
available during this higher engine speed condition.   
 
Engine Speed: 2250 RPM 
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Figure  6.26, the effect of injection timing variation on (a) rate of heat release and (b) cylinder pressure 
at the 2250 RPM and 15% pedal position 





B25 shows slightly less sensitivity to the variation in pilot injection timing during this 
operating condition by having lower percentage drop in engine power and lower 
percentage increase in CO and HC emissions.   
 
6.6.4 2250 RPM 22% pedal 
The effect of swinging the pilot injection timing on engine out emissions and performance 
during this operating condition is plotted in Figure  6.27.   
 
































































Figure  6.27, the effect of pilot injection timing variation on engine out emissions and performance at 
2250RPM and 22% pedal 





Very similar engine performance and emissions sensitivity can be seen from both fuels by 
varying the pilot injection timing.  Advancing or retarding the pilot timing reduces the 
engine power by about 11% with both fuels compared to the standard calibration, and the 
impact is also similar on NOX emissions.  Little sensitivity difference can be observed 
between both fuels regarding the impact of varying the pilot timing on engine out 
emissions of CO and HC, where both fuels show an increase in CO emissions and a 
decrease in HC emissions by advancing or retarding the pilot timing.   
 
6.7 Conclusions 
The objective of this work was to determine the sensitivity of engine performance and 
emissions to calibration changes when the engine is operated with B25 compared to 
baseline diesel fuel.  This study was performed by altering the main engine parameters of 
EGR rate, fuel line rail pressure, and both main and pilot injection timing.  The following 
observations are made: 
• Increasing the EGR rate resulted in a higher percentage reduction in NOX 
emissions and a reduced engine torque penalty with B25 compared to the baseline 
diesel fuel particularly at higher load conditions due to the higher oxygen content.  
For all fuels, emissions of CO increased and HC’s reduced with increasing EGR 
rate however, at the 1500 RPM and 17% pedal position condition, the increase in 
CO emissions with B25 was only 30% of that seen for baseline diesel and, in the 
case of HC emissions, an additional 10% reduction in levels was observed. 
• Increased EGR also resulted in a reduction in engine out NOX emissions for all 
fuels, but a further 8% reduction was observed with baseline diesel. 
• The engine torque reduced by 3.5% with baseline diesel at high EGR rates, but no 
change was measured with B25. 
• Increasing rail pressure improved the engine out torque at all experimented 
conditions, in addition it caused an increase in CO and HC emissions at lower load 
conditions due to the possibility of cylinder wall wetting, and caused an increase in 
NOX emissions at higher load conditions due to a possible improvement in the 
combustion process.  However, these emissions changes were less pronounced 




when using B25 fuel, possibly as a result of the higher injection pressures 
improving fuel atomization and enabling sufficient evaporation to mitigate the 
impact of the higher viscosity of biodiesel.  At 1500 RPM and 10% pedal, the 
observed increases in CO and HC emissions were 15% and 50% respectively 
lower when using B25 compared to baseline diesel.  However, the increase in NOX 
emissions and engine torque with B25 was seen to be 13% and 2% higher 
respectively than that observed with baseline diesel. 
• Swinging the main injection timing had a variable impact on the engine 
performance and emissions dependent on engine operating condition, and in most 
cases B25 showed reduced sensitivity.  Retarding the main injection timing by 2° 
CA at the 1500 RPM and 17% pedal condition reduced the engine out emissions of 
CO and HC with both fuels.  A further 10% reduction in NOX emissions and 2% 
increase in engine torque were only observed for B25.  Similarly, at 2250 RPM 
and 15% pedal, the percentage increase in NOX emissions was 7% lower and the 
improvement in the engine output torque was 11% higher with B25.  At this 
condition, similar percentage reductions in CO and HC emissions were observed 
with both fuels.   
• Varying the pilot injection timing did not improve the engine performance or 
emissions under most operating conditions, and both baseline diesel and B25 fuels 
showed similar sensitivity to this factor. 
 
These findings can be very beneficial and should be considered by engine optimization 
engineers in determining the optimal engine calibration for B25 in order to achieve 
improved engine performance and reductions in exhaust emissions.   
 
 




Chapter 7  Biodiesel Oxidation Catalyst Performance 
 
7.1 Introduction 
The conversion efficiency of a diesel oxidation catalyst (DOC) is mostly affected by the 
exhaust gas temperature, with other factors such as different hydrocarbon species [ 97, 
 111- 115].  The performance of a DOC could be affected by variations in HC species due 
to their different storage characteristics through adsorption or condensation, and different 
reaction rates on the catalyst surface.  One study suggested that the DOC is not equally 
active for all HC species, and they are grouped by the number of carbon atoms that exist in 
the molecular chain (C2 to C12+) [ 97].  Others stated that since different fuels are used, the 
exhaust gas of diesel and biodiesel fuels contain a different range of HC species that have 
different reactivity and storage characteristics on the catalyst surface [ 111- 115], in 
addition this variation in HC species also might affect the conversion efficiencies of both 
HC and CO emissions. 
 
In the vehicle trial investigation using RME biodiesel reported in  Chapter 3 it was 
concluded that the average catalyst performance efficiency reduced as the percentage of 
RME increased with a reduction in engine-out exhaust gas temperature.  An attempt to 
investigate the affect that HC species from RME fuel on the conversion efficiency was 
performed by examining idle periods during the NEDC.  Unfortunately, the actual catalyst 
brick temperature could not be measured directly during the experimental study; instead it 
was approximated by using the post catalyst temperatures.  This chapter reports the 
findings of a comprehensive study, conducted to evaluate the impact of RME fuel blends 
on catalyst performance by utilizing a catalyst instrumented with various thermocouples.  
The availability of catalyst brick temperature will allow the determination of an accurate 
light-off curve which can be used to identify any possible impacts from different HC 
speciation from both RME biodiesel and baseline diesel fuels.  The light-off curve is 
determined by comparing the catalyst conversion efficiency of a given emission species 
against the catalyst brick temperature, thus isolating exhaust gas temperature and 
speciation effect on catalyst performance [ 137]. 






DOCs have been used in diesel engines since about 1991, mostly based on Platinum, 
which oxidize CO, HC and to some extent PM in the exhaust gas to CO2 and water.  More 
recently, they are usually combined with diesel particulate filters (DPF) in one enclosure 
(see Figure  7.1) and attached to automotive exhaust systems.  The catalyst consists of a 
ceramic or metallic monolithic honeycomb support, in which a special washcoat is 
deposited on it.  As the exhaust gases pass through the support channels, the oxidation 
process takes place [ 92].   
 
 
Figure  7.1, Diesel Particulate Filter combined with Oxidation Catalyst [ 132] 
 
A DOC can achieve a significant reduction of CO and HC emissions up to 99 % for CO 
emissions, which is considered a milestone for meeting new European light duty diesel 
emission standards [ 133].  The availability of the catalyst, with an inherently oxygen rich 
atmosphere, provides a chemical shortcut in which CO and HC emissions are oxidized 
more rapidly and at lower temperatures to CO2 and water, on the other hand makes it very 
difficult to chemically remove NOX emissions.  The pure oxidizing environment of the 
diesel engine exhaust gas suppresses the possibility of efficient NOX removal, however 
under some operating conditions, low NOX conversion efficiency can be achieved with the 
availability of the main reducing gases, such as various species of HCs, in a process called 
passive de-NOX [ 134- 136]   
 




The oxidation of CO begins on the outer surface of the catalytic sites where it is converted 
to CO2 in the presence of oxygen with the conversion efficiency increasing with 
increasing catalyst temperature until full conversion is achieved [ 92].  The oxidation of 
HCs involves a slightly more complicated process, where the engine out HC emissions 
passes through several stages before getting oxidized in the catalytic converter as 
described by Eastwood [ 137].  The HCs adsorb or condense onto the cold catalyst surface 
until it’s too warm to retain the stored HCs but still too cold for oxidation to occur.  If 
conversion efficiency is monitored, at first a good conversion is seen due to the storage 
effect then, as the HCs are released again, the conversion drops and might show a negative 
value since the temperature is not high enough for oxidation.  Finally, when the catalyst 
temperature rises sufficiently, the oxidation process begins and the conversion efficiency 
increases.  As the HCs undergo several stages of condensation, evaporation, and oxidation 
over the catalyst surface, it is expected that different species of HCs will certainly behave 
differently through these processes due to their physical and chemical variations.  The 
light (low molecular weight) HCs are expected to pass through catalyst surface with 
minimal condensation when the catalyst is cold and constitute the “cold start” emissions, 
whereas the heavier HCs will mostly condensate on the catalyst surface and do not 
evaporate until the higher temperature is reached.   
 
The principle of passive de-NOX is based on selecting NOX to react with HCs on the 
catalyst surface instead of oxygen, and this mutual annihilation offers removal of these 
two emission components [ 137].  Unfortunately this process is limited by a narrow 
catalyst temperature range and the availability of minimum HC concentrations in the 
exhaust gas to make up the required (HC/NOX) ratio.  The temperature range varies 
according to the precious material used in the catalyst, but it is roughly between 200 to 
350°C for most of the commonly used materials.  This is because at low temperatures HC 
oxidation is very slow, and at high temperatures HC is more easily oxidized by oxygen in 
the exhaust and it is only within this window that the HCs are oxidized by the NOX [ 78].  
The possibilities of any impact of using RME fuel blends on the passive de-NOX process 
inside a diesel oxidation catalyst is expected, as it might vary or shift the oxidation 
temperature window, change the (HC/NOX) ratio or alter the reaction  speed due to its 
different HC species. 





7.3 Aims and Objectives 
The main aim of the work reported in this chapter, is to investigate the thermal and 
chemical impact of using RME biodiesel on the performance of a diesel oxidation catalyst.  
In order to achieve this, the following objectives are set: 
• Identify if the trends in conversion efficiency observed during the vehicle trial 
study in  Chapter 3 are repeatable on a transient engine dynamometer over the 
NEDC cycle. 
• Evaluate the impact of using RME blends on exhaust gas and catalyst brick 
temperatures. 
• Via the determination of catalyst light-off curves, asses the impact of HC 
speciation on DOC performance when using RME blends. 
 
7.4 Experimental Facility 
The experimental work was carried out within the Powertrain and Vehicle Research 
Centre (PVRC) in the Department of Mechanical Engineering at the University of Bath.  
Details about the experimental facility are given in section  5.3 of  Chapter 5.  For this 
work, the engine test facility was equipped with an instrumented catalyst. 
 
The catalytic converter used in this study is a production diesel oxidation catalyst (DOC) 
supplied by Johnson Matthey (JM) inherited from a previous research project conducted 
on the same facility.  The catalyst monolith was instrumented with 20 K-type 
thermocouples distributed along the axial and radial directions as shown in the schematic 
in Figure  7.2.  The thermocouples were inserted at various positions, ten of which were 
aligned along the axial direction and the other ten along two radial positions.   
 





Figure  7.2, Schematic of thermocouple distribution inside the DOC catalyst, with broken ones 
coloured in pink 
 
In addition, the exhaust system was also equipped with pre and post catalyst gas 
thermocouples to measure the inlet and outlet gas temperatures.  All temperatures were 
recorded on the test bed data acquisition system.   
 
7.5 Approach 
The performance of the diesel oxidation catalyst with different blends of RME was 
studied, and the results compared to the results of the baseline diesel fuel.  The 
investigations were conducted according to the following procedures: 
• NEDC cycles with engine and catalyst conditioned prior to test and left to “soak” 
to ensure cold engine start.  Baseline diesel fuel and blends of B25 and B50 were 
examined with total cycle catalyst conversion efficiency calculated on a 
gravimetric basis, using pre and post catalyst emissions measurements. 
• Differences in exhaust gas and catalyst brick temperatures for baseline diesel, B25 
and B50 fuels were examined using the second by second data over the NEDC. 
• A transient experimental test was conducted in an attempt to obtain accurate 
catalyst light-off curves when using baseline diesel and B50 fuels in order to 
isolate the impact of exhaust gas chemical composition on catalyst performance. 





7.6 DOC Performance during NEDC 
To investigate the effect of RME biodiesel on the performance of diesel oxidation catalyst 
during the standard legislative procedure, the engine is operated with RME blends (B25 
and B50) in addition to baseline diesel fuel over the NEDC.  The engine ran over 
automated NEDC cycles which consists of two major parts, the first part simulates urban 
driving and the second part is one that simulates extra urban, as explained in chapter 3 
[Figure  3.4].  The initial results from emission analysers were in volumetric basis (ppm) 










Equation  7.1 
Where, 
M , Is the mass of each pollutant (grams/second) 
exhC , Is the raw concentration of the pollutant in (ppm) 
gρ , Is the gas density in (kg/m
3
) 
exhQ , Is the exhaust volume flow rate (m
3
/second) calculated from air and fuel flow values 
 
The engine was conditioned and operated every day from cold, with only one experiment 
per day conducted to ensure consistent experimental conditions and repeatability.  The 
standard deviation of the average variations in the cylinder head temperature did not 
exceed ±2°C before starting each experimental procedures.  The catalyst conversion 
efficiency over the entire NEDC is obtained by calculating the ratio of the total engine out 
mass emissions to the tailpipe values for CO, HC, and NOX emissions, see Figure  7.3.   
 









































Figure  7.3, NEDC catalyst conversion efficiency 
 
In general, the catalyst conversion efficiency for CO emissions reduced as the percentage 
of RME increased, conversion reduced by 10% and 16% for B25 and B50 respectively 
compared to baseline diesel.  In the other hand, NOX conversion is not expected in DOC 
due to purely oxidation environment, and the conversion seen here is passive NOX and not 
what the DOC was designed to do.  The passive NOX conversion reduced by 5% with B50 
RME but no change was observed when using B25.  The catalyst conversion efficiency of 
HC emissions showed the opposite trend to both CO and NOX emissions, with the 
conversion efficiency improving with the addition of RME to the fuel especially with B50.  
The HC conversion efficiency did not show any significant change with B25, but 
increased by 7% when the engine was fuelled with B50 RME compared to the baseline 
diesel fuel.   
 
7.6.1 NEDC CO Emissions 
The accumulated engine out and tailpipe mass emissions of CO and HCs produced during 
the NEDC for all fuel blends are plotted in Figure  7.4, and for the NOX emissions in 
Figure  7.5.  The engine out CO emissions reduced by 16% with B25 RME compared to 
baseline diesel fuel, but did not show any further decrease with B50 RME.   
 









































Figure  7.4, Total NEDC engine out and tailpipe CO and HC emissions for all fuel blends 
 
In spite of the reduction in the actual mass value of CO emissions with B25 RME blend 
seen Figure  7.4 compared to the baseline diesel fuel, the catalyst conversion efficiency 
dropped by 10% as seen in Figure  7.3.  The CO catalyst conversion efficiency continued 
to reduce with B50 blend even though the actual CO mass emission produced is very 
similar to B25 blend.  This indicates a possibility of either thermal or chemical or a 
combined effect from the use of RME fuel blends on the catalyst performance, which will 
be reported later in this chapter.   
 
7.6.2 NEDC HC Emissions 
The HC engine out emissions showed a continuous reduction trend as the percentage RME 
increased in the fuel blend, it reduced from 8.2 (g/test) in case of baseline diesel fuel to 6.6 
and 5.9 (g/test) with B25 and B50 biodiesel blends respectively.  However, the HC 
catalyst conversion efficiency did not show any significant change with the B25 blend, 
and actually improved slightly with the B50 blend compared to the baseline diesel fuel as 
seen in Figure  7.3.  With the expected reduction in catalyst performance with RME 
blends, the slight increase in HC conversion efficiency in the case of B50 blend seems to 
contradict this theory and to explain this observation, two scenarios are proposed.  Firstly, 
the higher catalyst conversion efficiency of HC emissions with B50 fuel seen in Figure  7.3 
is most likely caused by the significant reduction in engine out mass concentration of HC 
compared to the baseline diesel fuel seen Figure  7.4 and not actually higher performance 




of the oxidation catalyst.  Secondly, the chemical affect of HC speciation from the use of 
RME blends on the catalyst performance, which will be investigated later in this chapter.   
 
7.6.3 NEDC NOX Emissions 
The engine out NOX emissions did not show any significant change with B25 RME 
(considering the error bars), but it did show 10% increase with B50 compared to the 
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Figure  7.5, NEDC engine out and tailpipe NOX emission for all fuel blends 
 
As discussed in literature review section  2.4.5.2, most of the published literature indicated 
a slight increase in NOX emissions when using biodiesel fuel and the percentage increase 
is directly dependant on the physical and chemical properties of FAME and engine 
technology.  The FAME properties, such as carbon chain length, number of double bonds 
and oxygen content, are the main factors that alter the combustion behaviour of the fuel, 
leading to the expected increase in NOX emissions [ 3 4 ,  7,  10,  24 and  64].  Furthermore, 
the reduction in passive NOX emissions observed in Figure  7.3 with B50 biodiesel could 
be due to the expected lower catalyst performance of the DOC or the lower mass 
concentrations of HC emissions with B50, which might affect the passive de-NOX process 
discussed in section  7.2. 
 
Examination of total cycle NEDC emissions confirms earlier results in chapter 3 that the 
use of biodiesel blends have an impact on catalyst performance.  It is unclear if these 




differences are caused by variation in catalyst operating temperature or chemical effects, 
therefore, the thermal impact of biodiesel blends on the performance of DOC during the 
NEDC, compared to baseline diesel fue needs to be investigated. 
 
7.7 Thermal Impact of Using RME Biodiesel 
7.7.1 Catalyst Brick temperature 
To investigate the variations in the exhaust gas temperature and its consequent effect on 
the catalyst brick temperature with all three fuel blends, the pre catalyst temperature and 
catalyst brick temperature during the NEDC is plotted in Figure  7.6.  The engine out 
temperature is obtained from a thermocouple positioned in the gas stream in the exhaust 
manifold just before catalyst inlet, and the catalyst brick temperature is the average 
temperature reading of all working thermocouples distributed inside the catalyst structure 
(see Figure  7.2).  Unfortunately 8 thermocouples from total of 20 were not working when 
this catalyst was inherited from a previous experimental project, and this study continued 
with the remaining working thermocouples as replacing the faulty thermocouples could 
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Figure  7.6, Engine out and average catalyst brick temperature for all fuel blends during NEDC 





The observations from Figure  7.6 are summarized in the following points: 
• The engine out exhaust gas temperature of baseline diesel fuel is always slightly 
higher than both biodiesel blends, and this trend is also reflected on the catalyst 
brick temperature.  This reduction in exhaust temperature is also reported by many 
authors [ 60,  71, and  72] suggesting that the higher heating value and changes in 
fuel injection and combustion characteristics are the main reasons.  This indicates 
that the catalyst is consistently hotter during the NEDC when the engine is 
operated with baseline diesel fuel compared to both biodiesel blends, which may 
partially explain the higher catalyst conversion efficiency seen in Figure  7.3. 
• The temperature difference between all fuel blends for both engine out gas 
temperatures and brick temperature is more obvious during the EUDC portion of 
the cycle due to the higher load, and the variation is less significant during the 
ECE segments, especially when looking at the difference between baseline diesel 
and B25 fuels.  The average brick temperature during the first 800 seconds are 
141°C, 140°C, and 138°C, and during the last 400 seconds are 260°C, 255°C, and 
252°C for baseline diesel, B25 and B50 respectively.  The average reduction in 
catalyst brick temperature during the entire NEDC is 2% and 3% for B25 and B50 
RME fuel blends respectively relative to baseline diesel.   
• The fluctuations in the average brick temperature are much less pronounced than 
the engine out temperatures due to the thermal inertia of the catalyst brick 
releasing stored heat energy when the vehicle decelerates especially during the first 
half of the cycle when the catalyst temperature is below 150°C.   
• Towards the end of ECE portion of the cycle and beginning of the EUDC, the 
catalyst temperature frequently exceeds that of the exhaust gas during the cruising 
periods, which is most likely caused by the exothermic reaction within the catalyst 
indicating higher catalyst conversion efficiency.   
• The higher catalyst brick temperature is very distinct with baseline diesel fuel 
towards the end of NEDC which indicates the reduction in energy available in the 
exhaust gas (manifesting as lower gas temperatures) with increasing blend ratio 




which might have delayed catalyst light-off and consequently reduced the overall 
catalyst performance observed over the NEDC when using biodiesel fuel blends.   
 
To further investigate the impact of RME fuel blends on catalyst performance, the 
temperature profiles within the catalyst brick for all fuel blends are plotted in Figure  7.7.  
The front-face temperature readings are obtained from thermocouple number 11 (see 
Figure  7.2), as it represents the most frontal working sensor to the incoming exhaust gas.  
Similarly, the back-face readings are obtained from thermocouple number 9, as it 
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Figure  7.7, Temperature profile inside catalyst brick for all fuel blends during NEDC 
 
The front-face of the catalyst is expected to initially heat up earlier, as the hot exhaust gas 
hits it first, than the back-face due to the thermal energy loss as the gas passes through the 
entire catalyst area.  The temperature builds up inside the catalyst brick during the NEDC 
until the exothermic reaction begins.  The temperature at which more than 50% or 60% 
(both used in literature) of the engine out emissions is being converted is usually defined 
as the catalyst light-off temperature [ 137].  The full conversion is reached at the end of 




ECE and beginning of EUDC part of the cycle, where both the front-face and back-face 
catalyst brick temperatures are very close to each other and the exothermic reaction is 
occurring inside the catalyst.  However after approximately 350 seconds of the cycle, 
occasional higher temperature peaks at the back-face of the catalyst can be observed 
compared to the front-face temperatures with baseline diesel fuel indicating a start of the 
exothermic reaction.  This frequent higher exothermic reaction intensity, earlier in the 
cycle and even before reaching the full conversion, supports the previously discussed 
point of higher catalyst performance when the engine is operated with baseline diesel fuel 
compared to biodiesel blends.   
 
The following section will discuss the impact of catalyst brick temperature and the 
occurrence of the exothermic reaction with RME blends on the continuous second-by-
second catalyst conversion efficiency during NEDC. 
 
7.7.2 Continuous Conversion Efficiency 
So far it has been shown that the use of RME fuel blends have lowered the engine out 
exhaust gas temperature and consequently reduced the catalyst brick temperature, which 
resulted in a less intensive exothermic oxidation reaction compared to baseline diesel fuel.  
The impact of a reduced exothermic reaction on the catalyst conversion efficiency of CO, 
HC, and passive NOX reduction was then investigated and the findings are reported in this 
section, by analysing the second-by-second emission concentrations produced during the 
NEDC.   
 
7.7.2.1 Continuous CO Conversion 
Figure  7.8 shows the continuous second by second catalyst conversion efficiency of CO 
emission for all three fuel blends through the entire NEDC procedure.   
 







































































Figure  7.8, Continuous catalyst CO conversion efficiency for all fuel blends 
 
Observations from Figure  7.8 are summarized in the following points: 
• During the initial 500 seconds of the cycle, the CO conversion efficiency with 
baseline diesel fuel always show higher peak values when compared to B25 and 
B50 RME blends.  During this period the catalyst brick temperature is below 
150°C on average (see Figure  7.6), and the catalyst has not reached the necessary 
light-off temperature.   
• Between 550 and 800 seconds, similar peak values can be seen with all fuel blends 
but with baseline diesel fuel, longer durations of high conversion efficiencies can 
be observed, see Figure  7.8.  During this period, the catalyst is starting to light-off 
and is in transition to reach its full conversion efficiency.   
• After 800 seconds, all fuels show very similar conversion values.  Despite the 
brick temperature being lower with both biodiesel fuel blends during this period 
(see Figure  7.6), full conversion efficiency is achieved as the catalyst brick has 
already achieved light-off. 
 
7.7.2.2 Continuous HC Conversion 
The continuous HC conversion efficiency during the NEDC is plotted in Figure  7.9, and 
observations from this figure are summarized here: 




• The high conversion efficiency during the first 100 seconds of the cycle is due to 
the fact that most of the HCs emitted are adsorbed or condensed on the cold 
catalyst surface.   
• From 150 to 350 seconds, the HCs are released again when the catalyst has not 
achieved light-off and the conversion efficiency drops since the catalyst is still cold 
and the oxidation reaction has not began.   
• At approximately 750 seconds, the conversion efficiency starts to rise again due to 
higher engine exhaust temperature, and also due to the reduction in HC emission 
concentrations produced as the engine warms up.   
• Clear variations can not be observed with the use of biodiesel fuel blends due to 
fact that the HC light-off characteristics are more complicated, as discussed in the 
background section, and also the engine out concentrations showed variations with 
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Figure  7.9, Continuous catalyst HC conversion efficiency for all fuel blends 
 
• Slightly higher conversion can be seen during most of the ECE part of the cycle 
with RME blends which might be attributed to either slightly lower engine out 




concentrations of HC emissions, or due to variations in chemical composition 
compared to baseline diesel fuel which might react differently with catalyst surface 
material (speciation).   
• Higher conversion efficiencies for biodiesel blends during the ECE do not seem to 
be explainable by thermal effects as both exhaust gas and brick temperatures are 
slightly lower with RME fuel blends during the entire cycle, see Figure  7.6.   
• During the EUDC, the baseline diesel fuel shows higher conversion efficiency 
occasionally which might be caused by its higher catalyst brick temperature seen in 
Figure  7.6. 
 
7.7.2.3 Continuous Passive NOX Conversion 
The continuous NOX passive conversion efficiency for all fuel blends during the NEDC 
procedure is presented in Figure  7.10.  The average catalyst conversion efficiency during 
the NEDC did not exceed 5% with all fuel blends as seen in Figure  7.3, and dropped 
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Figure  7.10, Continuous catalyst NOX passive conversion efficiency for all fuel blends 
 
The observations from Figure  7.10 are summarized in the following points: 




• During the first 350 seconds, the average conversion efficiency is generally very 
low even though the engine out HC emissions is expected to be very high due to 
cold engine condition.  This is probably attributed to the low catalyst brick 
temperature in addition to the HC condensation during this period of the NEDC, 
and no clear trend or variation could be seen with the use of RME fuel blends 
except occasional short segments of higher conversion. 
• Half way through the cycle (600 to 700 seconds) several few high conversion 
peaks and slightly higher average conversion efficiency can be spotted.  Higher 
conversion efficiency during this period is most likely caused by higher catalyst 
brick temperature which ranges between 145 to 245°C, and the availability of HCs 
in the engine out exhaust gas, which might have provided the correct NOX: HC 
ratio and temperature window for the de-NOX process. 
• At the end of the cycle (post 800 seconds) and more specifically during most of the 
EUDC part, the average conversion efficiency drops down again with all fuel 
blends even though the brick temperature is very high.  The two main factors are 
high NOX concentration in the engine out exhaust gas expected due to hot engine 
conditions, and less availability of HCs as reducing agent for the efficient passive 
de-NOX process to take place. 
• It is very difficult to distinguish any variations in continuous NOX emissions 
between the baseline diesel fuel and RME blends. 
 
In summary, the use of biodiesel fuel blends have lowered the engine out exhaust 
temperature and consequently reduced the catalyst brick temperature during the NEDC, 
which resulted in less intensive exothermic oxidation reaction with biodiesel compared to 
baseline diesel fuel, and impacted on the DOC performance especially for CO.  Reduced 
exhaust gas temperatures with biodiesel fuel is reported by few authors [ 60,  71, and  72], 
but no other work could be found that investigates the impact of biodiesel on the 
performance of DOC.  While there is clearly a temperature difference when using 
biodiesel blends, it is not clear if this is the reason for the reduction in CO conversion 
efficiency observed over the NEDC, or if variations in exhaust gas chemical composition 
also contribute.  Therefore, the impact of chemical variations from the use of RME fuel 
blends must be investigated. 





7.8 Chemical Impact of Using Biodiesel on DOC 
The previous section identified the thermal impact of biodiesel blends on the exhaust gas 
and catalyst brick temperatures, and the knock on effect on performance of the catalyst 
compared to baseline diesel fuel.  This section reports an investigation to ascertain if the 
chemical impact of using biodiesel on the performance of the oxidation catalyst due to its 
different HC composition.  The instantaneous catalyst conversion efficiency for CO, HC, 
and NOX is plotted against the average catalyst brick temperature for all three fuel blends 
regardless of the difference in exhaust gas temperature.  This will realise for each fuel 
blend, the catalyst conversion efficiency at a given brick temperature during the NEDC 
which is called the catalyst light-off curve. The catalyst light-off temperature is the 
temperature at which the conversion efficiency of the inlet gas emissions reaches a 
specific value, usually 50%.  Comparing these curves from different fuel blends will 
provide some insights regarding any HC speciation impact on the performance of the 
diesel oxidation catalyst. 
 
The transient nature of the NEDC introduces a lot of challenges into performing this 
investigation due to frequent accelerations and decelerations encountered during this 
procedure, which will vary many critical parameters such as exhaust flow (consistent 
residence time in the catalyst) and the amount of emissions emitted.  Therefore, only the 
idling periods of the cycle will be selected in order to ensure consistent exhaust flow rate 
and lower variations in engine out emissions with different fuel blends.  Also, to get better 
representative curves, very narrow range of catalyst conversion efficiency will be selected 
in order to minimize any possible miss alignments between engine out and tailpipe 
emission measurements.  Finally to get a clearer trend, a histogram was produced of 
catalyst conversion efficiency values in 5°C increments.   
 
7.8.1 CO Light-off Curve: NEDC Idle periods 
The CO light-off curve for all three fuel blends is plotted in Figure  7.11. 
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Figure  7.11, CO light-off curve during idle periods of the NEDC for all fuel blends 
 
The observations for Figure  7.11 are summarized in the following points: 
• The CO light-off temperature is approximately 150°C for all fuel blends if defining 
50% conversion efficiency as the start of catalyst light-off. 
• Slightly higher conversion efficiency can be observed with baseline diesel fuel 
until the brick temperature reaches 150°C compared to both RME blends. 
• The conversion efficiency between 150 to 160°C brick temperatures shows slightly 
higher values with baseline diesel fuel. 
• For brick temperature above 160°C, all fuels show very similar CO conversion 
efficiency ranges between 96 to 99%. 
 
7.8.2 HC Light-off Curve: NEDC Idle periods 
The HC light-off curve for all three fuel blends is plotted in Figure  7.12.   
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Figure  7.12, Averaged HC light-off curve during the idle periods of the NEDC for all fuel blends 
 
The observations from the HC light-off curves are summarized in the following points: 
• Similar to the CO light-off curve, the HC light-off temperature is around 150°C for 
all fuel blends. 
• Unlike the CO light-off curve, the high conversion efficiency earlier in the cycle is 
caused by HC adsorption or condensation onto the cold catalyst surface.  The 
higher HC conversion with both RME blends during this period is probably caused 
by either lower HC concentrations in the exhaust gas or their higher molecular 
weight leading to more condensation compared to baseline diesel fuel. 
• The conversion efficiency drops slightly as the brick temperature increases, due to 
HC evaporation off the catalyst surface, until it reaches around 140°C when it 
starts to rise again. 
• The conversion efficiency between 150 to 155°C brick temperature shows very 
similar trends with all fuel blends as the conversion efficiency jumps from 50% to 
more than 75%.   
• As the brick temperature increases above 155°C, a slight variation in conversion 
efficiency is apparent between the baseline diesel fuel and both biodiesel blends.  




This is most likely caused by much lower HC concentrations in the exhaust gas 
when the engine is operated with biodiesel. 
• Finally above 160°C, the HC conversion efficiency reaches its maximum value 
and settles in the ranges of 80 to 85%. 
 
7.8.3 Passive NOX Light-off Curve: NEDC Idle periods 
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Figure  7.13, Averaged NOX light-off curve during the idle periods of the NEDC for all fuel blends 
 
The outcome of the NOX passive conversion curve is variable due to the dependency of 
NOX conversion on variable factors such as exhaust temperature and HC concentrations in 
order for the passive de-NOX process to take place.  The general observations that can be 
made from the NOX light-off curves are summarized in the following points: 
• With relatively low catalyst brick temperatures (until 150°C), the NOX passive 
conversion fluctuates at around 10% conversion with all fuel blends, and all fuel 
blends show a very similar NOX light-off temperature which is around 155°C. 




• During the higher conversion period (from 150 to 160°C), the NOX conversion 
efficiency peaks at about 27%, 19%, and 16% for baseline diesel, B25, and B50 
fuels respectively.  The higher conversion efficiency during this period is probably 
because it met the required passive de-NOX criteria with the certain temperature 
window and availability of HCs.  This period corresponds to the end of the ECE 
part of the NEDC (see Figure  7.6) at which time the brick temperature is hot 
enough and the engine is still emitting enough HCs for the passive de-NOX process 
to take place. 
• The NOX conversion efficiency is always higher when the engine is fuelled with 
baseline diesel fuel compared to both RME blends; this is most likely attributed to 
the higher concentration of HC in the engine out emissions when using baseline 
diesel fuel. 
• After the brick temperature exceeds 160°C, the conversion efficiency drops as the 
brick temperature increases and settles at around 6%.  This period corresponds to 
the EUDC part of the cycle, and the very low concentrations of HCs during this 
period is the main factor in having lower NOX conversion efficiency. 
 
This section reported the investigation carried out to determine the chemical impact of 
different exhaust gas HC species from the combustion of biodiesel blends on the DOC 
compared to baseline diesel fuel.  The dynamic nature of the NEDC introduced additional 
complexity into performing this investigation and, in order to overcome the discreet nature 
of the data which was obtained from examining the NEDC idle periods, specific light-off 
test needed to be performed.  While determination of light-off curves by the catalyst 
industry is commonplace using specific rigs and synthetic exhaust gas, obtaining this data 
from a running engine is more challenging.  The experimental work undertaken to obtain 
these light-off curves for different fuel blends is discussed in the following sections. 
 
 




7.9 Further Investigations into Chemical Impact of biodiesel on 
DOC 
In the previous section, data analysis was conducted to investigate the possibilities of 
determining any chemical impact of different HC species from biodiesel fuel blends on the 
DOC compared to baseline diesel fuel using NEDC data.  However, due to the nature of 
the NEDC, many additional challenges were introduced which cast doubt on the accuracy 
of the results obtained.  The objective of this experimental work was to further investigate 
the chemical effect of RME fuel blends on the catalyst light-off temperature by using a 
specifically designed procedure.   
 
7.9.1 Transient Engine Ramp 
This procedure calls for increasing the engine load gradually by ramping up the pedal 
position from a lower fixed point to a higher fixed point over a given duration and then 
ramp down following the same procedure.  An engine speed of 2000 RPM was set with a 
varying pedal position from 11% to 15% representing about 7 Nm to 47 Nm respectively 
when the engine was fuelled with baseline diesel fuel.  The ramp time allowed for the 
pedal position to reach 15% from 11% was set as 600 seconds which was hoped to be 
slow enough to ensure that the brick temperature closely matches the exhaust gas 
temperature during the ramp.  This procedure was controlled via the test cell control 
computer.  Several skirmish experiments were performed to ensure that the catalyst 
undergoes light-off during this transient engine ramp procedure with both baseline diesel 
and the B50 fuel blend. The pedal ramp procedure and associated brick temperatures and 
CO conversion efficiency for the baseline diesel fuel are shown in Figure  7.14.   
 


















































































Figure  7.14, Effect of transient engine ramp on catalyst brich temperature and CO conversion 
efficiency 
 
7.9.1.1 Light-off Curves during Transient Engine Ramp 
The light-off curves for CO, HC, and NOX are plotted in Figure  7.15, Figure  7.16, and 
Figure  7.17 respectively.  The light-off curve for B50 biodiesel fuel blend starts earlier 
with higher conversion efficiencies as the brick temperature increases compared to 
baseline diesel fuel.  The CO light-off temperature is 187°C for B50 fuel blend and 192°C 
for the baseline diesel fuel when the engine is ramped up, and these results were 
repeatable within +/- 2°C.  During ramping down the catalyst did not reach the light-down 
temperature within the 600 seconds ramp, however the engine conditioned for 
approximately 400 seconds on average at 11% pedal to reach the light-down temperature 
with 50% conversion efficiency.  The CO light-down temperature occurred at slightly 
higher temperature with baseline diesel fuel at 159°C, and 157°C for B50 fuel blend.   
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Figure  7.15, CO Light-off curve for baseline diesel and B50 in transient engine ramp condition 
 
A similar trend was observed in HC light-off curve as shown in Figure  7.16, the HC light-
off temperature is 192°C for B50 fuel blend and 199°C for the baseline diesel fuel.  The 
maximum conversion efficiency is the same for both fuels (about 87%), but it is reached at 
a brick temperature 15°C lower with B50 biodiesel compared to baseline diesel fuel.  The 
HC light-off curve starts with reasonably high conversion values (30%), it decreases 
slightly as the brick temperature increases and finally rises to the maximum conversion 
efficiency.  The initial high conversion value of HCs is due to adsorption or condensation 
on the catalyst surface at lower temperatures, and then followed by desorption or 
vaporisation once the temperature increases.   
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Figure  7.17, NOX Light-off curve for baseline diesel and B50 in transient engine ramp condition 
 
The NOX conversion curve also showed earlier light-off with B50 compared to the 
baseline diesel fuel.  Figure  7.17 shows that the average conversion is similar for both 
fuels before light-off which is about 4%, and the maximum NOX conversion efficiency 
reached is 14%, but at a temperature 5°C lower for B50 fuel.  The passive de-NOX 




conversion obtained here depends on two factors as discussed earlier, availability of HC 
and the correct temperature window which vary with both fuels.   
 
At first glance the catalyst light-off curves of CO, HC, and NOX emissions indicate that 
the catalyst performance is better when the engine is fuelled with B50 than the baseline 
diesel fuel due to the earlier light-off and delayed light-down temperatures.  In other 
words, at a given temperature, baseline diesel and B50 fuels have different conversion 
rates.  For example, when the gas temperature is 188°C, the CO version efficiency is 50% 
for B50 but only 30% for the baseline diesel fuel.  This result does not agree with the 
preliminary findings in the vehicle trials in chapter 3 section  3.5.6.3 with earlier light-off 
temperature in case of baseline diesel fuel.  It is suspected that the HC speciation influence 
is a valid argument with this limited information in hand.  Before jumping to any 
conclusion, a study of amount of CO, HC, and NOX emissions emitted by engine when 
operated with both baseline and B50 fuels is required to validate these results.   
 
7.9.1.2 Emissions Investigation during Transient Engine Ramp 
The engine out CO, HC, and NOX emissions during the ramp tests are plotted in Figure 
 7.18, Figure  7.19, and Figure  7.20 respectively.  Pedal position points were selected in 
order to have a valid comparison between fuel types.  The concentrations of CO and HC 
are higher with the baseline diesel fuel compared to the B50 blend, except for NOX 
emissions where B50 shows slightly higher concentrations.  Until the light-off temperature 
point, the emissions from baseline diesel fuel are higher by more than 15% and 20% for 
CO and HC emissions respectively compared to B50 blend.   
 
Higher concentrations of CO and HC emissions are passing over the catalyst washcoat 
surface when using baseline diesel fuel prior to the catalyst achieving sufficient light-off 
temperature.  In other words, the catalyst is always exposed to higher concentrations of 
CO and HC when the engine is fuelled with baseline diesel fuel compared to B50 blend 
throughout the experimental procedure.   
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Figure  7.20, Engine out NOx emissions during ramping up and down the pedal position, standard 
calibration 





The limited surface capacity of the catalyst before it achieves light-off temperature might 
have caused lower calculated conversion efficiency at lower catalyst temperatures in case 
of baseline diesel fuel due to its much higher CO and HC concentrations.  Once the 
catalyst is hot enough, the conversion efficiency is sufficient to convert the majority of 
emissions regardless of concentrations and fuel type.  On the other hand, the slight 
increase in NOX emissions shown in Figure  7.20 with B50 can not be used to explain the 
shift in the NOX light-off curve, since the limited passive NOX conversion depends mainly 
on the availability of HC within a specific temperature range, which both varies with B50 
compared to the baseline diesel fuel.   
 
Due to the large differences in pre catalyst emissions concentrations when using different 
fuel types, it is not possible to definitely comment on the influence exhaust gas speciation 
may have on catalyst performance.  In order to determine a fair light-off comparison, the 
differences in exhaust gas emissions concentrations between different fuels must be 
minimized, while maintaining a consistent exhaust flow rate.  The following section 
describes experimental work undertaken to obtain light-off curves under similar exhaust 
gas emissions concentrations. 
 
7.9.2 Altering the engine calibration 
In order to achieve similar engine out emissions to the baseline diesel fuel, the engine 
calibration was be modified when using biodiesel.  Initially EGR rate was increased for 
the blend B50 in order to increase engine out emissions of both CO and HC emission to 
levels closer to those seen for the baseline diesel fuel.  Increasing the EGR rate by 10% 
reduced the difference in engine out CO emissions between B50 and the baseline diesel 
fuel to approximately 5% prior to light-off instead of 15% observed under standard 
conditions.  However this method did not reduce the difference in HC emissions 
considerably, where the B50 fuel blend still produced 15% lower HC emissions, on 
average, compared to the baseline diesel fuel.   
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Figure  7.21, Effect of EGR change with B50 RME fuel blend on engine MAF 
 
In addition, the increase in EGR rate introduced an additional variable of a reduction in 
engine mass air flow (MAF) as shown in Figure  7.21, which would lead to a 
corresponding reduction in exhaust flow rate and an increased residence time of the 
exhaust gas within the catalyst.  The increased residence time would promote lighter 
conversion efficiencies, as reported by E. Zervas [ 138] that CO and HC conversion is 
greatly influenced from variations in space velocity.  The author reported decrease in 
catalyst conversion efficiency with increasing space velocity due to the decrease of 
residence time thus the decrease of contact time of CO and HC with the oxidation catalyst. 
 
Increasing the EGR rate by 10% had significant impact on the engine MAF value, with an 
average reduction of 15% compared to the baseline diesel fuel.  As already stated, this 
drop in engine MAF with B50 fuel will have a direct impact on the catalyst conversion 
efficiency, due to increased exhaust gas residence time over the catalyst surface compared 
to baseline diesel fuel.  Due to the issue of longer residence time this data can not be used 
to identify any variations in light-off temperatures between both fuels, and an alternative 
method of reducing emissions concentrations differences while maintaining the exhaust 
flow rate needed to be found.   
 
Several other modifications to the engine calibration were trialled in order to bring the 
engine out emissions of B50 closer to the baseline diesel fuel.  The closest match was 




achieved when combining changes to both EGR rate and injection timing.  The EGR rate 
was increased by 6% and the injection timing advanced by 2°CA, in order to increase the 
engine out emissions.  Also, the engine speed was increased by approximately 50 RPM for 
B50 fuel to match the baseline diesel MAF value.  The engine out CO, HC and NOX 
emissions, after modifying the engine calibration during pedal ramps, are plotted in Figure 











































































Figure  7.23, Engine out HC emissions during ramp tests using modified engine calibration 










































Figure  7.24, Engine out NOX emissions during ramp tests using modified engine calibration 
 
The B50 CO emissions during the ramp tests with modified engine calibration, closely 
matched with the baseline diesel fuel as shown in Figure  7.22 with an average difference 
of less than 5% especially during the ramping up process were the catalyst has not yet 
achieved light-off.  Also, the HC emission trend from the modified calibration in Figure 
 7.23 shows reduced variation when compared to the standard calibration, with an average 
difference of less than 8%.  This is the closest possible trend that could be achieved during 
this operating procedure.  Despite closer agreement of CO and HC emissions, the NOX 
emissions were adversely impacted with lower values from B50 compared to baseline.  
This is most likely due to increasing the EGR rate by 6% to achieve higher CO and HC 
emissions.  This variation in NOX emissions, with B50 should not have large impact on 
the catalyst light-ff curve of CO and HC emissions since NOX conversion in the DOC is a 
passive secondary reaction.  The MAF value with B50 fuel was also closely matched to 
the baseline diesel fuel with the modified calibration to ensure similar gas residence time 
over catalyst surface with both fuels.   
 
The new modified CO catalyst light-off curve for both fuels is plotted in Figure  7.25.  
With the modified calibration, the light-off temperature for CO with B50 fuel has 
increased from 187°C to 193°C, which is only one degree hotter than the light-off 
temperature of the baseline diesel fuel.  Also, the CO light-down temperature occurred 




earlier with the modified calibration at 162°C which is also a higher temperature than for 
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Figure  7.25, Light-off curve for CO emissions for baseline diesel and B50, and with modified 
calibration 
 
The hesteresis effect observed between the light-off and light-down curves is largely 
attributed to CO self-inhibition as reported by Arnby et al. [ 146], and was experimentally 
demonstrated by Ye [ 145].  The catalyst inlet gas temperature is relatively low during 
engine ramp-up which leads to CO self-inhibition on the catalyst surface and reduced 
vacant active sites until light-off occurs.  Once the catalyst has lit-off, the heat released 
from the oxidation reaction increases the CO desorption rates and counteracts the CO self-
inhibition process [ 146 and  147].  However, during engine ramp-down the cartalyst brick 
temperature is higher, leading to far reduced CO self-inhibition rates leading to lower 
catalyst light-down temperatures. 
 
Similarly, the HC light-off temperature with B50 increased from 192°C to 202°C when 
the engine calibration was modified, which is two degree hotter than the light-off 
temperature of baseline diesel fuel as shown in Figure  7.26.   
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Figure  7.27, Light-off curve for NOX emissions for baseline diesel and B50, and with modified 
calibration 
 
The NOX conversion efficiency is also affected with the modified engine calibration, as 
shown in Figure  7.27.  At lower brick temperatures, the average NOX conversion dropped 




to approximately 2% with the modified engine calibration compared to standard 
conditions.  However, the peak conversion temperature is similar to baseline diesel but 
with higher peak conversion efficiency close to 17%, which is probably caused by the 
reduction in NOX emissions manifesting from the calibration changes. 
 
The repeatability of this experimental procedure, with modified engine calibration, 
showed slight variations in the light-off curves and temperatures for all exhaust gas 
emissions.  The light-off temperature value range was +/- 3°C to the values shown in 
Figure  7.25 and Figure  7.26, which puts it either before or after the light-off temperature 
of the baseline diesel fuel.  This indicates that the light-off temperatures for both fuels are 
within the range of experimental error and therefore, there is no statistically significant 
variation in light-off temperature between B50 and the baseline diesel fuel.  This would 
imply that gas speciation does not significantly impact on catalyst performance, and 
instead, that exhaust gas temperature, is the more significant factor. 
 
7.10 Conclusions 
The aim of this work was to investigate the impact of using biodiesel on the performance 
of a diesel oxidation catalyst, and to determine if differences were due to temperature or 
chemical effects.  The following conclusions can be drawn from this work: 
• Earlier results obtained during the vehicle trial (chapter 3) were confirmed on the 
engine test bed, with differences in catalyst performance over the NEDC measured 
when using biodiesel blends. 
• It was shown that the engine out exhaust gas temperature with baseline diesel fuel 
was consistently higher than those observed for biodiesel blends over the NEDC.  
The average NEDC catalyst brick temperature reduced by 2% and 3% for B25 and 
B50 fuel blends respectively.   
• The use of biodiesel reduced the energy released during the exothermic reaction 
inside the DOC compared to the baseline diesel fuel, which lead to lower overall 
catalyst performance when using biodiesel fuel blends. 




• Catalyst light-off curves showed very similar responses when the engine out 
emissions of CO and HCs were closely matched to the baseline diesel fuel.  No 
statistically significant difference in the light-off temperatures for B50 biodiesel 
and baseline diesel were found suggesting that exhaust gas HC speciation 
(chemical impact) when using B50 fuel did not have a significant impact on 
catalyst performance.   
 
The results suggest that exhaust gas temperature, and the energy released during the 
exothermic reactions within the catalyst, are the most significant cause of variations in 
catalyst performance when using biodiesel blends. 
 




Chapter 8  Final Conclusions 
 
8.1 Overall Conclusions 
The aim of this work was to perform a comprehensive investigation on the use of biodiesel 
fuel in modern production diesel engines, and to asses its impact on emissions, 
performance and fuel consumption.  The final conclusions are made in relation to the 
specific project objectives as outlined in chapter 1: 
 
1. “To conduct a review of published literature regarding biodiesel, in particular the 
environmental impact of using fatty acid methyl esters (FAME), variations in their 
feedstock and commercial production, and finally reviewing their physical and 
chemical properties and their impact on engine performance and emissions.” 
A review of current literature was conducted and the following conclusions were 
drawn: 
• The factors most affecting the physical and chemical properties of FAMEs are 
their carbon chain length and number of double bonds (un-saturation level).   
• The cetane number, kinematic viscosity and crystallisation temperature of FAMEs 
increase as the chain length and saturation level increases in the fatty acid 
molecules, and its resistance to oxidation decreases with an increasing number of 
double bonds. 
• FAMEs are compatible with most of the elastomers used in diesel engines and can 
improve fuel lubricity.  Higher viscosity and surface tension of biodiesel fuels 
leads to poorer atomization of the fuel spray. 
• The average fuel consumption increases with biodiesel use due to its lower 
calorific value compared to petroleum diesel fuel, and a reduction in engine out 
emissions of CO, HC and PM with biodiesel is reported by the majority of studies 
due to higher oxygen content which allows faster and more complete combustion 
of the fuel compared to petroleum diesel. 




• An increase in NOX emissions is reported with biodiesel use due to physical and 
chemical properties, such as cetane number and density.  Studies suggest that 
increases in NOX emissions could be linked to the molecular structure of the fatty 
acids with the level of un-saturation being most significant. 
• Biodiesel fuel properties were found to have a significant effect on the combustion 
process especially in the case of pump-line-nozzle fuel injection systems, but the 
impact reduces significantly when common rail fuel injection systems are used. 
• Simulation studies with biodiesel using CFD models reported contradictory results 
due to inability of the models to account for some biodiesel fuel properties.  No 
literature could be found which examined the use of one-dimensional simulation 
packages to investigate the combustion of biodiesel fuels in compression ignition 
engines. 
• Adjusting the EGR rate and injection timing can mitigate some of the negative 
effects of biodiesel use, such as an increase in NOX emissions and fuel economy, 
by optimising the combustion process. 
• Whilst there have been studies investigating the impact of biodiesel use on diesel 
particulate filters, no published work could be found examining the impact of 
biodiesel fuel on the performance of diesel oxidation catalysts (DOC). 
• All literature reviewed, discussed studies which examined biodiesel performance at 
room temperature (20-25°C approx.).  The author could find no studies examining 
the interaction between ambient operating temperature and engine performance 
and emissions when using biodiesel fuels. 
• Many studies discuss the impact of injection timing and EGR rate on engine 
emissions when using biodiesel, however, no literature could be found which 
examined the impact of other calibration parameters, such as rail pressure and pilot 
injection timing, on engine performance and emissions with biodiesel fuels. 
 
2. “Undertake experimental vehicle work over a standard legislative drive cycle to 
assess the variations in performance and emissions when using several biodiesel 
blends at various ambient temperature conditions.” 




An experimental programme was undertaken using a vehicle tested on the chassis 
dynamometer facility at the University of Bath. The following conclusions were 
drawn: 
• Tailpipe CO NEDC emissions increased with increasing blend ratio at all ambient 
temperatures, increasing by 15% at -5°C and 30% at 25°C for B50.  This increase 
in tailpipe emissions was observed despite measured reductions in the engine-out 
(pre-catalyst) levels and was shown to be due to a reduction in catalyst conversion 
efficiency when using biodiesel blends compared to baseline diesel fuel.   
• No statistically significant changes in tailpipe THC emissions were observed, for 
all blend ratios and ambient temperatures, with variations falling within the 95% 
confidence interval for each blend ratio.  However, the engine-out THC emissions 
reduced by up to 25% with increasing biodiesel blend compared to baseline diesel.   
• The tailpipe NOX emissions increased by 2% at -5°C and 4% at 25°C for a B50 
blend compared to baseline diesel fuel.  The engine out NOX emissions showed 
very similar values and trends to the tailpipe results since very little NOX 
conversion is expected by the oxidation catalyst. 
• The tailpipe PM emissions reduced by 16.5% at 25°C with B50 blend and the 
smoke opacity reduced by 45% and 36% at 25°C and 10°C ambient temperatures 
respectively compared to baseline diesel fuel. 
• The engine out exhaust gas temperature was found to be lower when the vehicle 
was running with biodiesel blends compared to baseline diesel fuel, demonstrating 
an inversely proportional relationship with the blend ratio.  The average NEDC 
exhaust gas temperature for B50 reduced by approximately 4°C compared to 
baseline diesel fuel for tests run at 25°C ambient conditions. 
• The fuel consumption increased as the percentage of biodiesel increased in the 
fuel. B5 and B10 blends showed very little increase compared to baseline diesel, 
however the percentage increase ranged from up to 3% for B20, 7% for B30 and 
from 9% for B50 blends. 
• Increasing the blend ratio and ambient temperature decreased the test vehicle’s 
maximum tractive force.  This reduction was in the order of 5% for the B50 blend 
at low vehicle speeds and 6–10% at higher speeds compared to baseline diesel fuel. 
 




3. “To asses the ability of the engine simulation software Ricardo WAVE, to predict 
the impact of biodiesel fuel on the combustion process of diesel engines by 
investigating the sensitivity of the software to changes in important fuel 
properties.” 
A sensitivity study using Ricardo WAVE found that: 
• The lower heating value and hydrogen content were found to be the most 
influential fuel properties affecting the calculation of the droplet mean diameter 
within the WAVE simulation, and other properties, such as specific heat capacity, 
cetane number and surface tension had only very minor impacts. 
• The current fuel evaporation model was not suitable for predicting the spray 
evaporation of fuels with specific ranges of physical properties such as biodiesel 
fuels.  Also, the basic combustion models may be too simplistic to consider the 
fuel’s physical properties in the calculation, and the more sophisticated diesel jet 
model was also limited to the effect of the fuel properties on the actual heat 
release.   
• WAVE’s basic combustion models were not suitable for accurately predicting the 
impact of the different physical and chemical properties of biodiesel. 
 
4. “Undertake experimental work on an engine test bed to analyse the differences in 
combustion and emission characteristics of certain biodiesel blend compared to 
baseline diesel fuel.” 
An experimental study was conducted using a 2.0L Ford diesel engine mounted on a 
transient engine dynamometer and concluded that: 
• The cylinder pressure and combustion profiles for biodiesel fuel are similar to that 
of the baseline diesel fuel when a similar torque is demanded from the engine.  
Earlier SOC of pilot fuel by up to 1.0° CA with B50 biodiesel compared to 
baseline diesel fuel was observed, but the SOC of the main charge did not show 
any significant variations.  The percentage increase in fuel demand during the 
lower load conditions was up to 16%, and up to 8% at higher load conditions for 
B50 compared to baseline diesel fuel. 




• The maximum cylinder pressure decreased slightly (1-2%) with biodiesel when the 
engine was operated at pedal positions matched to those for diesel fuel.  The use of 
biodiesel blends reduced the engine output power compared to baseline diesel fuel. 
Using B50 reduced the engine power by up to 14% and 8% during the lower and 
higher pedal positions respectively. 
• The average engine out CO and HC emissions showed a general reduction as the 
percentage of biodiesel increased in the fuel at all engine operating conditions, and 
the NOX emissions showed an increase as the blend ratio increases at all engine 
operating conditions examined.   
 
5. “To assess the sensitivity of a modern production diesel engine to calibration 
changes, when using a B25 blend compared to baseline diesel fuel.” 
An experimental study into the effects of calibration changes was conducted using a 
2.0L Ford diesel engine mounted on a transient engine dynamometer and concluded 
that: 
• Increasing the EGR rate resulted in a higher percentage reduction in NOX 
emissions and a reduced engine torque penalty with B25 compared to the baseline 
diesel fuel particularly at higher load conditions due to the higher oxygen content.   
• Increasing rail pressure improved the engine out torque at all experimented 
conditions, in addition it caused an increase in CO and HC emissions at lower load 
conditions due to the possibility of cylinder wall wetting, and caused an increase in 
NOX emissions at higher load conditions due to a possible improvement in the 
combustion process.  However, these emissions changes were less pronounced 
when using B25 fuel. 
• Retarding the main injection timing by 2° CA at the 1500 RPM and 17% pedal 
condition reduced the engine out emissions of CO and HC with both fuels.  A 
further 10% reduction in NOX emissions and 2% increase in engine torque were 
only observed for B25.  Similarly, at 2250 RPM and 15% pedal, the percentage 
increase in NOX emissions was 7% lower and the improvement in the engine 
output torque was 11% higher with B25.  At this condition, similar percentage 
reductions in CO and HC emissions were observed with both fuels.   




• Varying the pilot injection timing did not improve the engine performance or 
emissions under most operating conditions, and both baseline diesel and B25 fuels 
showed similar sensitivity to this factor. 
 
6. “Investigate the impact of different blends of RME biodiesel on the performance of 
a diesel oxidation catalyst, and assess its thermal and chemical effects.” 
An experimental study into the effects of biodiesel on diesel oxidation catalyst 
performance was conducted using a 2.0L Ford diesel engine mounted on a transient 
engine dynamometer and concluded that: 
• The engine out exhaust gas temperatures when running with baseline diesel fuel 
were always higher than for biodiesel blends with the average NEDC catalyst brick 
temperatures reduced by 2% and 3% for B25 and B50 blends respectively.   
• This reduction in energy in the exhaust gas with increasing blend ratio resulted in a 
delay in the catalyst light-off time, or longer periods of lower conversion 
efficiency.  The use of biodiesel reduced the exothermic reaction intensity inside 
the oxidation catalyst compared to the baseline diesel fuel which resulted in lower 
overall catalyst performance.   
• At matched engine pedal positions, higher catalyst conversion efficiency was 
obtained with biodiesel blends compared to baseline diesel fuel due to a significant 
reduction in engine out emission concentrations of CO and HC.  As the catalyst 
was exposed to lower concentrations of emissions with fixed catalyst surface 
capacity and gas residence time, percentage conversion appears to increase despite 
lower masses of emissions being oxidised.   
• The catalyst light-off curve showed a slightly earlier rise when the engine was 
fuelled with baseline diesel fuel and engine out emissions of CO and HCs were 
closely matched.  However, the light-off temperatures for biodiesel blends and 
baseline diesel were within the range of experimental error and no solid evidence 
of HC speciation effects (chemical impact) of B50 fuel could be found from the 
results obtained in this work.   
 




8.2 Recommendations for Future Work 
• Results from vehicle full load testing in chapter 3 reported that, other than the 
LHV of biodiesel, the performance of the VGT and the variations in MAF also 
affected the overall performance of the vehicle as the ambient temperature varied.  
Additional investigations could reduce the impact of these two factors. 
• Findings from chapter 6 can be used by engine optimization engineers to 
determine the optimal engine calibration for biodiesel fuel in order to achieve 
improved engine performance and a reduction in exhaust emissions.   
• Improving the experimental procedure for the determination of oxidation catalyst 
performance by matching the exhaust gas emissions concentrations between 
different fuels more closely, while maintaining a consistent exhaust flow rate could 
produce more accurate light-off curves to determine HC speciation effects when 
using biodiesel fuels. 
• Investigate methods to sense the presence of biodiesel blend ratio in the fuel which 
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Chapter 10  Appendices 
 








Appendix B: RME Biodiesel Fuel Specification 
 
Interim Laboratory Test Report No. 
08-000369-0-
WTHU 
      
      
BP Coryton Technical Centre     
      
        
Test   Method 
001-
00 
Net calorific value Mj/kg D240 39.99 
Density at 15 oC kg/m3 ISO 12185 883.2 
Kinematic Viscosity at 40 oC mm2/s EN ISO 3104 4.564 
Flash Point °C EN ISO 3679* 182.0 
Sulphur Content mg/kg 
EN ISO 
20846* 1.8 
Microcarbon Residue 10%  (ASTM 
D1160) % (m/m) EN ISO 10370 0.17 
Cetane Number   EN ISO 5165 49.5 
Water mg/kg EN ISO 12937 210 
Total Contamination mg/kg EN 12662* 6 
Copper Corrosion 3 hrs.at 50 oC   EN ISO 2160 1 
Oxidation Stability, 110 oC Hours EN 14112* 10.8 
Acid Number mgKOH/g EN 14104* 0.18 
Iodine Value g/100gFAME EN 14111* 112 
Linolenic Acid Methyl Ester % m/m EN 14103* 9.41 
Polyunsaturated Methyl Ester % m/m EN 14103* <1 
Ester Content % m/m EN 14103* 97.7 
Methanol Content % (m/m) EN 14110* 0.01 
Monoglyceride Content % m/m EN 14105* 0.57 
Diglyceride Content % m/m EN 14105* 0.15 
Triglyceride Content % m/m EN 14105* 0.03 
Free Glycerol % m/m EN 14105* <0.01 
Total Glycerol % m/m EN 14105* 0.17 
Sodium mg/kg EN 14108* <0.1 
Potassium mg/kg EN 14109* <0.1 
Calcium mg/kg EN 14538* <0.1 
Magnesium mg/kg EN 14538* <0.1 
Phosphorus mg/kg EN 14107* 0.2 
Cold Filter Plugging Point °C EN 116 -20 
Carbon Content wt/wt   77 
Hydrogen Content wt/wt   12 
Oxygen Content wt/wt   11 
(^^) Test subcontracted to another laboratory.   
 
 




Appendix C: The Student T Test P values 
 
Emission Species Ambient Temperature 
 25°C 10°C -5°C 
Tailpipe CO 0.0003 0.0075 0.0634 
 THC 0.19 0.5149 0.2652 
 NOX 0.0095 0.1151 0.2494 
 PM 0.0077 0.4054 0.2999 
 
Engine-Out CO 0.0772 0.1398 0.9649 
 THC 0.0001 0.0219 0.0187 
 NOX 0.0077 0.0417 0.1425 
 Fuel Consumption (AVL 733) 0.0003 0.0038 0.0017 
 10.1, The student T test P values for baseline diesel and B50 fuel blends 
 
Confidence intervals in which the means are different are given by 1-p.  Italic numerals 
indicate greater than 95 percent confidence, upright numerals greater than 90 percent 
confidence, and bold red coloured numerals are not considered statistically significant. 
 
